University of Mississippi

eGrove
Electronic Theses and Dissertations

Graduate School

1-1-2019

High Voltage Dye-Sensitized Solar Cells And Molecular
Photocatalysis For Co2 Reduction
Roberta Ramalho Rodrigues

Follow this and additional works at: https://egrove.olemiss.edu/etd
Part of the Organic Chemistry Commons

Recommended Citation
Rodrigues, Roberta Ramalho, "High Voltage Dye-Sensitized Solar Cells And Molecular Photocatalysis For
Co2 Reduction" (2019). Electronic Theses and Dissertations. 1939.
https://egrove.olemiss.edu/etd/1939

This Dissertation is brought to you for free and open access by the Graduate School at eGrove. It has been
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of eGrove. For more
information, please contact egrove@olemiss.edu.

HIGH VOLTAGE DYE-SENSITIZED SOLAR CELLS AND MOLECULAR
PHOTOCATALYSIS FOR CO2 REDUCTION

A Dissertation
presented in partial fulfillment of requirements
for the degree of Doctor of Philosophy
in the Department of Chemistry and Biochemistry
The University of Mississippi

By
Roberta R. Rodrigues
December, 2019

Copyright © 2019 by Roberta R. Rodrigues
ALL RIGHTS RESERVED

ABSTRACT
The development of high voltage solar cells is an attractive way to use sunlight to power
electrocatalysts for water oxidation, electrocatalysts for CO2 reduction, and consumer electronics.
Through careful molecular dye engineering and redox shuttle pairing, our group has reported a
single-junction dye-sensitized solar cell (DSC) employing, for the first time, an iron redox
mediator (Fe(bpy)33+/2+) in conjunction with a novel wide band gap dye (RR9). This system
generates a high photovoltage of 1.42 V. To the best of our knowledge, this system is the highest
photovoltage achieved by a single-junction DSC device without metal oxide doping. The
RR9/Fe(bpy)33+/2+ redox shuttle pair was used as a front subcell for a sequential series
multijunction (SSM)-DSC and one of the highest known three subcell photovoltage was attained
for any solar-cell technology (3.34 V, > 1.0 V per subcell). The next generation of high voltage
dyes was synthesized exchanging the Benzothiadiazole (BTD) bridge with thienopyrroledione
(TPD) to access more positive potentials. Higher photocurrent (up to 3.5 mA/cm2), and a higher
power conversion efficiency (up to 2.9 %) than a BTD analogue while retaining comparable
photovoltages (~1.3 V versus ~1.4 V) was obtained.
Another way to power catalysis is to use sunlight directly to photoexcite a catalyst or a
photosensitizer to provide energy to reduce CO2 to many substrates including CO or HCO2-. Five
ruthenium catalysts were synthesized, evaluated photocatalytically, and found to facilitate selfsensitized CO2 reduction to form CO. The best catalyst of the series reduces CO2 to CO with
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33,000 turnover numbers (TON), one of the highest TONs for a self-sensitized system.
Furthermore, the selective formation of CO versus HCO2- is presumed to be the result of catalyst
design. To better understand the selectivity of products in this reaction, the choices of solvent,
electron and proton source, photosensitizer, and catalyst were evaluated. Highly selective catalysts
for CO or HCO2– were found to change selectivity depending on its environment. This highlights
the importance of considering reaction conditions before assigning selectivity to an inherent
molecular design property.
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION TO HIGH VOLTAGE DYE-SENSITIZED SOLAR CELLS AND
MOLECULAR PHOTOCATALYSIS FOR CO2 REDUCTION

Renewable energy sources are essential for the development of a globally sustainable
society. Since the extraordinary discovered of dye-sensitized solar cells (DSCs) in 1991 by Grätzel,
DSCs have proven to be a promise alternative renewable energy.1 Among solar cell technologies,
DSCs have shown some of the highest voltages known for single junction devices. DSCs are a
clean energy source that with voltage improvements, can be used to power a number of
electrocatalysts for chemical transformations such as hydrogen production from water splitting or
carbon fuels from CO2 reduction. Thus, DSCs can provide a high voltage electrical source to power
electronic devices.
DSC devices operate through: (1) the absorption of light by the organic component (dye),
(2) transfer of an excited-state electron to the semiconductor (commonly TiO2), (3) the electron
traveling an external circuit to a counter electrode, and (4) the organometallic component (redox
shuttle) collecting the electron and returning it to the dye to complete the electrical circuit (Figure
1).

1

Figure 1. DSC schematic
The maximum voltage provided is defined by the energetic distance between the
semiconductor conduction band (TiO2) and the redox shuttle electrochemical potential. The redox
shuttle can be tuned to give higher voltage in a more straight forward manner than the TiO2
conduction band. Tuning the redox shuttle potentials also requires novel dye designs as the electron
transfer from the redox shuttle to the dye (step 4 above) to complete the circuit requires that the
oxidized dyes redox potential be below that of the redox shuttle (Figure 2).2

Figure 2. High voltage single junction DSC schematic
2

The next generation of wide-band gap dyes are needed it to show improve current and
overall performance.
Furthermore, the two-electron reduction of CO2 to carbon monoxide (CO) or formate
(HCO2-) is a very important chemical process for clean energy production since CO or HCO2- can
be used in the Fischer-Tropsch process to make carbon-based fuels.3 CO2 photocatalysis can be
performed using two systems. The least common process is when the catalyst can absorb lite and
reduce CO2 by itself. The most common system is when a photosensitizer absorbed the light and
provide the electrons to the catalyst that can then reduce CO2.
Another important component of CO2 reduction is to understand the selectivity of
photocatalysts to reduce CO2 to a number of products. Controlling product distribution is critical
to engineer catalysts for a practical solar-to-fuel system. The ideal system would use a catalyst that
is able to oxidize water coupled with a CO2 reduction catalyst. This is critical for a sustainable fuel
generation energy conversion process since the “waste” of water oxidation is O2 and the “waste”
of CO2 reduction is H2O.

3

CHAPTER 2
2.1 A HIGH VOLTAGE MOLECULAR ENGINEERED ORGANIC SENSITIZER-IRON
REDOX SHUTTLE PAIR: 1.4 V DSC AND 3.3 V SSM-DSC DEVICES

Adapted with the permission from Roberta R. Rodrigues; Hammad Cheema and Jared H.
Delcamp.; Angew. Chem. Int. Ed. 2018, 57, 5472. Copyright (2018) Wiley Online Library.
(See appendix for permission license.)

Roberta R. Rodrigues synthesized the dye, the redox shuttles, made all the DSC devices,
and did all characterization. Hammad Cheema trained Roberta R. Rodrigues how to make and
measure DSC devices.

ABSTRACT
The development of high voltage solar cells is an attractive way to use sunlight for solar‐
to‐fuel devices, multijunction solar‐to‐electric systems, and to power limited‐area consumer
electronics. By designing a low‐oxidation‐potential organic dye (RR9)/redox shuttle (Fe(bpy)33+/2+)
pair for dye‐sensitized solar‐cell (DSC) devices, the highest single device photovoltage (1.42 V)
has been realized for a DSC not relying on doped TiO2. Additionally, Fe(bpy)33+/2+ offers a robust,
readily tunable ligand platform for redox potential tuning. RR9 can be regenerated with a low
driving force (190 mV), and by utilizing the RR9/ Fe(bpy)33+/2+ redox shuttle pair in a subcell for
4

a sequential series multijunction (SSM)‐DSC system, one of the highest known three subcell
photovoltage was attained for any solar‐cell technology (3.34 V, >1.0 V per subcell)

INTRODUCTION
Dye-sensitized solar cells (DSCs) are a highly modular and promising technology for a
number of applications, including solar-to-electric and solar-to-fuel devices.4 DSCs have
demonstrated some of the highest photovoltages of any solar cell technology for a single
illuminated area, which is due in part to the modular nature of the independently tunable DSC
device components.5

The record photovoltage values obtainable with DSCs have led to a

preferential use in high-efficiency multijunction systems and solar-to-fuel devices.4e, 4f, 6 Increasing
Increasing the photovoltage (Voc) of DSCs is an important research direction for enhancing solarto-fuel device efficiencies, improving multijunction solar cell efficiencies and enabling solar
energy powered higher voltage applications such as battery charging. Despite unprecedented
performances, significant improvements to DSC device photovoltages remain possible. The
highest photovoltage known for a single-junction DSC device is an impressive 1.4 V; however,
through the careful tuning of device component energetics this value can be further improved upon
by simultaneously introducing tailored, novel sensitizers and redox shuttles.5a, 7 Thus the design
and characterization of dyes and redox shuttles for high-voltage DSC based devices is urgently
needed. DSC devices operate through the absorption of light by an organic dye followed by transfer
of the photoexcited electron to a semiconductor conduction band (for example the TiO2 CB). The
electron can then traverse an external circuit and be collected at the counter electrode by a redox
shuttle. Return of the electron to the oxidized dye completes the cycle. The theoretical maximum

5

open circuit voltage (Voc) is the energetic distance between the semiconductor CB energy and the
redox shuttle electrochemical potential. A larger separation of these energy levels
leads to a higher possible Voc. However, for kinetically competent electron transfers to occur, the
dye excited-state energy level should be positioned above the semiconductor CB and the dye
ground state energy should be positioned below the redox-shuttle energy level. Thus, to maximize
Voc values in DSC devices, both the dye and redox shuttle need to be carefully designed with low
energy potentials for maximal potential energy separation from the semiconductor CB.

Figure 3. Structures of D35, RR9, Co(bpy)3 3+/2+, and Fe(bpy)3 3+/2+.
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RESULTS AND DISCUSSION
First, focusing on the dye, typical organic dyes designed for DSC devices (such as D35)
have relied on the incorporation of strong donor groups and strong acceptor groups into the donor–
p-bridge–acceptor (D--A) dye design to facilitate low-energy photon absorption (Figure 3) 8 We
envisioned replacing the replacing the arylamine group on the donor region of D35 with an aryl
ether group; this would lead to a lower energy ground-state oxidation potential as this energy value
is primarily controlled by the dye donor group. However, retention of the alkoxy chains extending
in three dimensions is critical for slowing non-productive electron transfers from the
semiconductor to the oxidized oxidized redox shuttle.8-9 Additionally, replacing the electron-rich
thiophene -bridge with an electron-deficient benzothiadiazole (BTD) -bridge will lower the
ground-state oxidation potential further.10 We molecularly engineered dye RR9 with these three
design elements in mind to attain a dramatically lower ground-state oxidation potential relative to
D35. Target dye RR9 is available in 5 total synthetic steps from known starting materials via a
convergent synthetic route (Scheme 1; Appendix Scheme 5). Briefly, the aryl ether donor
precursor 5 was synthesized via alkylation, halide selective Suzuki coupling, and borylation of

Scheme 1. Synthetic route to RR9 from known intermediates.
7

4-bromo-2,6-diiodophenol (1) in 29% yield over three steps. The brominated BTD-based π-bridge
611 was coupled to boronic acid 5 in 89 % yield to give aryl aldehyde 7, which underwent
Knoevenagel condensation with cyanoacetic acid to give target dye RR9 in 19% overall yield.
UV/Vis absorption spectroscopy and electrochemical analysis by cyclic voltammetry (CV) was
conducted to evaluate the energy levels of RR9. The UV/Vis spectrum of RR9 in dichloromethane
(DCM) reveals a broad absorption band characteristic of intramolecular charge transfer (ICT) with
a max of 399 nm with a good molar absorptivity (e) of 29,000 L mol-1cm-1 (Appendix, Figure 26).
Computational analysis via DFT with the M06 functional and 6–311g(d,p) basis set also reveals
localized regions for the HOMO and LUMO orbitals as expected for ICT systems (Appendix,
Figure 33). The absorption curve onset (onset) at 470 nm gives an optical energy gap (Egopt) of
2.64 eV, where Egopt in electron volts = 1240/onset nm. The CV of RR9 reveals an irreversible
ground-state oxidation potential (E(S+/S)) onset of 1.56 V versus NHE. This indicates redox shuttles
with less positive values than 1.56 V versus NHE would have a thermodynamically favorable
electron transfer to the oxidized dye. The excited-state oxidation potential (E(S+/S*)) was found to
be -1.08 V through the equation E(S+/ S*) = E(S+/S)-Egopt. The calculated E(S+/S*) value confirms there
is ample driving force for the injection of an electron to the TiO2 CB (Ginj) for this dye. Second,
focusing on the redox shuttle, Co(bpy)33+/2+ is a common redox shuttle system used for DSC
devices employing a transition-metal-based redox shuttle.12 However, this redox shuttle limits the
theoretical maximum Voc to 1060 mV when the TiO2 CB is taken as -0.5 V vs. NHE (Figure 4).
The E(S+/S) value is considerably lower in energy for RR9 when compared with D35 (520 mV
lower, Figure 4).

8

Figure
4.
Energy
level
and
maximum
photovoltage
comparison
of
a prior reported bipyridyl redox shuttle and a common dye to the RR9/ Fe(bpy)33+/2+ system herein.
Note: The RR9 (S+/S) potential is from the CV onset, as the oxidation of RR9 is irreversible (see
the Appendix, Figure 27).
This desirably lower energy E(S+/S) value enables the use of a redox shuttle with a
significantly lower energy oxidation potential. Iron is known to have significantly weaker Fe-N
bonds than Co-N in

2+

tris(bipyridyl) complexes, resulting in a lower-energy reduction potential

of Fe(bpy)33+ complexes (1.37 V compared to 0.56 V versus NHE) where the ligands are
presumably redox active and the Fe center stabilizes the bipyridyl radical cation to a lesser extent
than a Co center.13 Furthermore, the Fe(bpy)32+ complex is low-spin (t2g6), which imparts
additional stability on this complex relative to the high-spin (t2g5eg2) Co(bpy)32+ complex.14
Desirably, the Fe(bpy)33+/2+ redox couple is well-known to be a stable, highly reversible redox
system.13 Electron transfer from the Fe(bpy)32+ redox shuttle to an oxidized RR9 dye is
energetically favorable (Greg) by 190 mV, while the Greg for Fe(bpy)33+/2+

5+

is energetically

forbidden by 340 mV. This suggests only RR9 will perform well with the Fe(bpy)33+/2+ redox
shuttle in DSC devices with a maximum theoretical Voc value of 1870 mV (Figure 4). Thus,
changing the dye/redox shuttle pair from D35/Co(bpy)33+/2+ to RR9/Fe(bpy)33+/2+ results in an
increase of 810 mV for the maximum theoretical Voc. DSC device performances of each dye (RR9
9

and D35) with each redox shuttle (Fe(bpy)33+/2+ and Co(bpy)33+/2+) were compared under identical
conditions utilizing a 2.7 mm TiO2 30 nm particle (P30) active layer with a 4.5 mm TiO2 > P100
scattering layer film (Table 1, Figure 5). Under these conditions, RR9/Fe(bpy)33+/2+ based devices
gave the highest Voc observed at 1420 mV. To the best of our knowledge, this is the highest singlecell DSC device photovoltage known without doping the TiO2 semiconductor.7 A peak incident
photon-to- current conversion efficiency (IPCE) of 60 % (500 nm onset) was reached for this
dye/redox shuttle pair (Figure 6). Given the estimated Greg of 190 mV, this is an exceptionally
low regenerative driving force compared to cobalt based redox shuttle systems, which require a
390 mV Greg for a 64 % IPCE peak.15 The overall power conversion efficiency (PCE) of this DSC
device was 1.9%, with a short-circuit current density (Jsc) of 2.8 mA cm-2 and

Figure 5. J–V curves for RR9/Fe(bpy)33+/2+-based DSC and SSM-DSC devices.
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Figure 6. IPCE curves for RR9 with Fe(bpy)33+/2+ and Co(bpy)33+/2+ shuttles.

Table 1. Photovoltaic parameters

[a] Fe is Fe(bpy)33+/2+. Co is Co(bpy)33+/2+. Co* is Co(bpy-pz)23+/2+. For the second subcell
(D35 or Y123) in SSM-DSC devices the TiO2 thickness is 2.2 mm. The third subcell (Y123) TiO2
thickness is 4.5 mm. For additional device details, see the Supporting Information. All values are
the average of two cells; see the Supporting Information for standard deviations.
a fill factor (FF) of 0.47. RR9/Co(bpy)33+/2+ devices gave a Voc value of 680mV, 3.5mA cm-2 Jsc,
0.72 FF, and 1.8% PCE. The improved Jsc value with the Co(bpy)33+/2+ redox shuttle is represented
by an increase in peak IPCE to about 65 % (Figure 6). The IPCE spectrum for RR9/Fe(bpy)33+/2+
11

and RR9/Co(bpy)33+/2+ devices are similar despite a much larger regenerative driving force for the
Co(bpy)33+/2+ redox system (810 mV greater). Although we are not certain of the origin of the good
regeneration yield with Fe(bpy)33+/2+ despite a lower driving force, we note this behavior has been
observed for Cu redox shuttles where inherently low reorganization energies are present.16 It is
noteworthy that a 380 mV loss from the maximal theoretical voltage is present in the
RR9/Co(bpy)33+/2+ device, which is similar to that observed for the Fe(bpy)33+/2+ based device (450
mV). As a benchmark of dye recombination loss blocking quality, D35/ Co(bpy)33+/2+ devices were
fabricated under identical conditions showing a Voc of 760 mV. D35 is known to have exquisite
TiO2 surface protection, and RR9 shows a comparable Voc of 680 mV indicating recombination
of electrons in the TiO2 CB with the Co(bpy)33+/2+ redox system is slightly faster with RR9 as
shown via small modulated photovoltage transient studies and dark current measurements
(Appendix, Figures 28, 29). These measurements also show a longer electron lifetime and reduced
dark current for the Fe(bpy)3 redox system versus the Co(bpy)3 system, which can be correlated to
a shift toward the Marcus inverted region for the Fe(bpy)3 system where the energy gap between
electrons in the TiO2 conduction band and the Fe(bpy)3 redox shuttle is about 1.8 V. A prior study
on this topic shows energy gaps larger than about 1.0 V slow down electron transfer kinetics with
increasing energy gap indicative of the Marcus inverted region.[12] A key motivation in developing
wide band gap dye-based high-voltage DSC devices utilizing early, high-energy photons is to
implement these devices as early subcells in sequential series multijunction (SSM)-DSCs where
photons are divided according to potential energy to maximize photovoltage from a single
illuminated area.4e SSM-DSC devices use a single illuminated area to sequentially absorb photons
in DSC subcells with subcell electrodes connected in series as a multijunction system (more than
2 subcells; see the Appendix, Figure 30, for an illustration). Within SSM-DSC systems, photon
12

management is critical to high-performing devices and requires careful optimization of early
subcell absorptivities based on dye molar absorptivities and film thicknesses to balance the J sc
output of each subcell. This is important as the lowest Jsc subcell limits the photo- current through
the entire SSM-DSC system. As such, front subcells of RR9/Fe(bpy)33+/2+ were fabricated with
varying active layer thicknesses and incorporated into SSM-DSCs with D35- or Y123-based
subcells second and Y123 as the third subcell (Table1; Appendix, Table 14). SSM-DSC devices
made using Co(bpy)33+/2+ with D35 and Y123 as subcells gave a Voc of 2.79 V. Changing the redox
shuttle to Co(bpy-py)23+/2+, which has a lower energy redox couple, increased the Voc to 3.10 V.
Increasing the thickness of the front RR9 subcell gave a slight change in Voc (3.18 V), but
adversely effected the FF owing to an imbalance of current through the subcells, primarily at
subcell 2. Finally, changing the second subcell to Y123 with a 1.3 mm RR9 film thickness for the
front subcell gives 1.9 mA cm-2 of photocurrent (Figure 5) with Y123 as the third subcell for a
high PCE of 3.5 %. This SSM-DSC device gives a high Voc of 3340 mV, which is one of the
highest Voc 3 subcell devices for any solar cell technology, where each subcell now averages over
1.0 V. Notably, the maximum Jsc in the SSM-DSC devices is inherently limited owing to light
absorption of the Fe(bpy)33+/ 2+ redox shuttle (Appendix, Figures 31, 32)

CONCLUSION
In conclusion, through the molecular engineered design of dyes with low ground-state
oxidation potentials paired with low-energy redox shuttle systems, high-voltage DSC devices can
be obtained that are needed for multijunction solar cell systems in solar-to-electric devices and
solar-to-fuel devices. Dye RR9 was designed to have a low-energy E(S+/S) value (1.56 V vs. NHE),
along with a good molar absorptivity, and good TiO2 surface protection functionality. Pairing RR9
13

with Fe(bpy)3

3+/2+

allows for a high theoretical voltage of 1870 mV, 3 which is 810 mV higher

than with Co(bpy)33+/2+. RR9/Fe(bpy)33+/2+ DSC devices matched the highest Voc reported for a
single-junction device. Importantly, the RR9/ Fe(bpy)33+/2+ DSC device did not rely on Mg2+
doping of TiO2 and used a tunable transition-metal complex in reaching 1.42 V. The
RR9/Fe(bpy)33+/2+ system relies on only a 190 mV overpotential for electron transfer to reach a
60% IPCE peak, which is significantly lower than Co(bpy)33+/2+-based systems. RR9/Fe(bpy)33+/2+
subcells were incorporated into SSM- DSC devices to give single-illuminated-area voltages of
3.34 V from a three-subcell system. This is one of the highest voltage-per-subcell systems known,
which now averages over 1.0 V per subcell. This study establishes it is critical that both the dye
and redox shuttle are properly paired, as devices with D35 and Fe(bpy)33+/2+. gave no appreciable
solar-to-electric conversion. Future directions include varying the ether donor composition to
lower the ground-state oxidation potential of the dye while improving long-term stability of
devices, and the evaluation of additional Fe-pyridyl type redox shuttles in high-voltage DSC
systems to further increase the photo-voltage.
EXPERIMENTAL SECTION
General Information: All commercially obtained reagents were used as received. Unless,
otherwise noted, all the reactions were conducted under a N2 atmosphere. 4-(7bromobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde

was

prepared

according

to

literature

procedure.17 Fe(bpy)3[PF6]2+ was prepared according to literature procedure.18 Fe(bpy)3[PF6]3+ has
been previously prepared in literature. We followed the FeCl3 procedure in literature, and then
performed a simple salt metathesis with KPF6.19 Thin-layer chromatography (TLC) was conducted
with Sorbent Technologies Silica XHL TLC Plates w/UV254 indicator and visualized with a UV
lamp. Flash Column chromatography was performed with SilicaFlash P60, 40-63 μm (230-400
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mesh). 1H NMR spectra were recorded on a Bruker Avance DRX-500 (500 MHz) spectrometer
and reported in ppm using solvent as an internal standard (CDCl3 at 7.28 ppm). Data reported as:
s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, b = broad, ap = apparent;
coupling constants in Hz. UV−Vis spectra were measured with a Cary 5000 instrument. HRMS
spectra were obtained with a QTOF HRMS utilizing nanospray ionization. The mass analyzer was
set to the 400−2000 λ range. Electrochemical analysis via cyclic voltammetry was conducted with
a CH Instruments potentiostat (CHI 600E). Electrochemical data is measured in dichloromethanae
with a glassy carbon working electrode, a platinum counter electrode, and Ag/AgCl reference
electrode, 0.1 M Bu4NPF6 as electrolyte, and referenced against ferrocene. All values are reported
versus NHE with Fc/Fc+ taken as 0.70 V versus NHE in DCM. E(S+/S*) is calculated from the
equation E(S+/S*) = E(S+/S) - Egopt. Egopt is converted to eV from the equation. Egopt (eV) =
1240(eV)(nm)/ λonset. ATR-IR were taken using an Agilent Technologies Cary 600 series FTIR
Spectrometer.
Synthesis: 5-bromo-2-(hexyloxy)-1,3-diiodobenzene (2): To an oven dried, N2 filled round
bottom flask was added 4-bromo-2,6-diiodophenol (1) (5.00 g, 11.8 mmol), 1- bromohexane (1.97
ml, 14.1 mmol), K2CO3 (4.89 g, 35.4 mmol) in 25 ml of N,N- dimethylformamide. The reaction
mixture was heated to 90 oC for 16 hours. The crude product was extracted with hexanes to give a
light-yellow oil (5.83 g, 97 % yield). 1H NMR (500 MHz, CDCl3) δ 7.90 (s, 2H), 3.96 (t, J = 6.5
Hz, 2H), 2.02-1.85 (m, 2H), 1.66-1.50 (m, 2H), 1.50-1.30 (m, 4H), 0.95 (t, J = 6.8 Hz, 3H) ppm.
C NMR (125 MHz, CDCl3) δ 157.7, 141.7, 118.0, 91.3, 73.7, 31.7, 30.0, 25.6, 22.6, 14.1. IR
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(neat, cm-1) 3087, 3055, 2924, 2857, 2361, 2335, 2091, 1995, 1732, 1543, 1526, 1460, 1425, 1372,
1239, 1050, 986, 922, 860 ppm.
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5'-bromo-2,2',2'',4,4''-pentakis(hexyloxy)-1,1':3',1''-terphenyl (4): To an oven dried, N2 filled
pressure flask was added 5-bromo-2-(hexyloxy)- 1,3-diiodobenzene (2) (718 mg, 1.41 mmol),
Pd(PPh3)4 (163 mg, 10 mol%), and (2,4-bis(hexyloxy)phenyl)boronic acid (3) (1.00 g, 3.10 mmol)
in 5.0 ml of toluene. 1.22 ml of a 2.0 M aqueous solution of K2CO3 and 3 drops of Aliquat 336
were then added to the reaction mixture under N2, the flask was sealed and heated to 110 oC for 16
hours. The crude product was extracted with dichloromethane, dried with Na2SO4, concentrated
under vacuum and purified by silica gel chromatography using 10% dichloromethane:hexanes to
give a colorless oil (605 mg, 53% yield). 1H NMR (500 MHz, CDCl3) δ 7.38 (s, 2H), 7.24 (d, J =
8.3 Hz, 2H), 6.56-6.46 (m, 4H), 4.00 (t, J = 6.6 Hz, 4H), 3.95 (t, J = 6.4 Hz, 4H), 3.19 (t, J = 6.2,
2H), 1.88-1.78 (m, 4H), 1.78-1.67 (m, 4H), 1.55-1.25 (m, 32H), 1.02-0.82 (m, 12H), 0.79 (t, J =
7.4 Hz, 3H) ppm. 13C NMR (125 MHz, CDCl3) δ 159.9, 157.3, 154.8, 134.1, 133.3, 132.0, 119.8,
114.6, 104.7, 100.0, 72.6, 68.4, 68.1, 31.6, 31.6, 31.4, 29.8, 29.3, 29.1, 25.8, 25.8, 25.4, 22.6, 22.6,
22.6, 14.1, 14.1, 14.0. IR (neat, cm-1) 3010, 2924, 2858, 2350, 2116, 1607, 1577, 1505, 1463, 1420,
1297, 1176, 1114, 1024, 212 ppm. HRMS ESI (positive mode) m/z calc’d for C48H73BrO5Cs [M
+ Cs]+: 943.3675, found 943.3630.
(2,2’,2’’,4,4’’-pentakis(hexyloxy)-[1, 1’:3’,1’’-terphenyl]-5’- yl)boronic acid (5): To an oven
dried, N2 filled round bottom flask was added 5'-bromo-2,2',2'',4,4''-pentakis(hexyloxy)-1,1':3',1''terphenyl (2) (200 mg, 0.25 mmol) in 1.0 ml of anhydrous tetrahydrofuran. The reaction mixture
was cooled to -78oC and 2.5 M n-butyl lithium in hexanes (0.11 ml, 0.27 mmol) was added
dropwise. The reaction was left to stir at -78 oC for 1.5 hours. Trimethyl borate (0.09 ml, 0.83
mmol) was then added dropwise to the reaction mixture and the reaction was left to warm to room
temperature overnight. Then, a 3:1 (v/v) 10% aqueous hydrochloric acid:diethyl ether was added
and stirred for 15 minutes. The mixture was extracted with diethyl ether, dried with Na2SO4 and
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concentrated under vacuum. The crude product was purified by silica gel chromatography using
5% ethyl acetate:hexanes to give a light yellow oil (110 mg, 57 % yield). 1H NMR (500 MHz,
CDCl3) δ 8.03 (s, 2H), 7.26 (d, J = 8.2 Hz, 2H), 6.60-6.46 (m, 4H), 4.02 (t, J = 6.6 Hz, 4H), 3.88
(t, J = 6.5 Hz, 4H), 3.27 (t, J = 6.2 Hz, 2H), 1.90-1.75 (m, 4H), 1.75-1.45 (m, 10H), 1.45-1.00 (m,
26H), 1.00-0.68 (m, 15H) ppm. 13C NMR (125 MHz, CDCl3) δ 202.2, 154.8, 154.8, 152.9, 133.9,
127.3, 126.8, 116.7, 99.8, 95.3, 67.8, 63.7, 63.3, 26.9, 26.7, 26.2, 26.2, 25.1, 24.7, 24.6, 24.4, 21.1,
21.0, 20.8, 20.6, 17.9, 17.9, 17.7 ppm. IR (neat, cm-1) 3470, 3377, 2928, 2862, 2362, 2161, 1973,
1680, 1603, 1504, 1464, 1353, 1249, 1171, 1112, 1016, 954. HRMS ESI (positive mode) m/z
calc’d for C48H75BO7Cs [M + Cs]+: 907.4660, found 907.5184.
4-(7-(2,2',2'',4,4''-pentakis(hexyloxy)-[1,1':3',1''- terphenyl]-5'-yl)benzo[c][1,2,5]thiadiazol4- yl)benzaldehyde (7): To an oven dried, N2 filled pressure flask was added 4-(7bromobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (6) (37.0 mg, 0.12 mmol), (2,2’,2’’,4,4’’pentakis(hexyloxy)-[1, 1’:3’,1’’-terphenyl]-5’-yl)boronic acid (5) (109 mg, 0.14 mmol), Pd(PPh3)4
(14.0 mg, 10 mol%), 0.1 ml of 2.0 M aqueous solution of K2CO3 and 2.0 ml of
(tetrahydrofuran:toluene, 1:1). The flask was sealed, and reaction mixture was stirred at 110 oC for
12 hours. The crude product was extracted with dichloromethane, dried with Na2SO4 and
concentrated under vacuum. The crude product was purified by silica gel chromatography using
20% ethyl acetate:hexanes to give an yellow oil (104 mg, 89% yield). 1H NMR (500 MHz, CDCl3)
δ 10.14 (s, 1H), 8.20 (d, J = 8.2 Hz, 2H), 8.08 (d, J = 8.4 Hz, 2H), 7.96 (s, 2H), 7.86 (s, 2H), 7.40
(d, J = 8.3 Hz, 2H), 6.63-6.40 (m, 4H), 4.15-3.90 (m, 8H), 3.32 (t, J = 6.0 Hz, 2H), 1.90-1.79 (m,
4H), 1.66-1.79 (m, 4H), 1.57-1.48 (m, 4H), 1.45-1.35 (m, 8H), 1.34-1.04 (m, 20H), 1.02-0.73 (m,
15H) ppm. 13C NMR (125 MHz, CDCl3) δ 192.0, 159.7, 157.5, 156.4, 154.2, 153.8, 143.7, 135.7,
134.8, 132.4, 132.3, 131.9, 130.8, 130.7, 130.0, 129.8, 129.0, 127.3, 120.9, 104.7, 100.2, 72.7,
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68.5, 68.1, 31.7, 31.5, 31.5, 29.9, 29.4, 29.2, 25.8, 25.8, 25.4, 22.7, 22.7, 22.5, 14.1, 14.1, 14.0
ppm. IR (neat, cm-1) 3010, 2928, 2862, 2362, 2029, 1940, 1702, 1607, 1506, 1462, 1301, 1178.
HRMS ESI (positive mode) m/z calc’d for C61H80N2O6SCs [M+Cs]+: 1101.4792, found 1101.5381
with an identical isotope pattern to the predicted pattern.
(E)-2-cyano-3-(4-(7-(2,2',2'',4,4''-pentakis(hexyloxy)-[1,1':3',1''-terphenyl]5'yl)benzo[c][1,2,5]thiadiazol-4- CO2H yl)phenyl)acrylic acid (RR9): To an oven dried, N2
filled pressure flask was added 4-(7-(2,2',2'',4,4''- pentakis(hexyloxy)-[1,1':3',1''-terphenyl]-5'yl)benzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde (7) (104 mg, 0.11 mmol), cyanoacetic acid (28.1
mg, 0.33 mmol), piperidine (0.076 ml, 0.77 mmol) and 2.0 ml of chloroform. The vial was sealed,
and reaction mixture was stirred at 90 oC for 1 hour. The crude product was extracted with
dichloromethane, dried with Na2SO4 and concentrated under vacuum. The crude product was
purified by silica gel chromatography using a gradient elution consisting of 100% dichloromethane,
5% methanol/dichloromethane and 10% methanol/dichloromethane to give a yellow oil (80 mg,
70% yield). 1H NMR (500 MHz, CDCl3) δ 8.40 (s, 1H), 8.22 (ap s, 4H), 7.96 (s, 2H), 7.87 (s, 2H),
7.39 (d, J = 8.3 Hz, 2H), 6.62-6.51 (m, 4H), 4.03 (t, J = 6.6 Hz, 4H), 4.00 (t, J = 6.5 Hz, 4H), 3.32
(t, J = 6.2 Hz, 2H), 1.88-1.79 (m, 4H), 1.57-1.46 (m, 4H), 1.54-1.40 (m, 4H), 1.43-1.05 (m, 28H),
0.95 (t, J = 7.3 Hz, 6H), 0.81 (t, J = 7.3, 3H), 0.76 (t, J = 7.3, 6H) ppm. IR (neat, cm-1) 3728, 2924,
2854, 2677, 1702, 1181. HRMS ESI (negative mode) m/z calc’d for C64H81N3O7S [M]-: 1035.5795,
found 1035.8234 with an identical isotope pattern to the predicted pattern. UV-Vis spectroscopy:
λmax = 399 nm (ε = 29,000 M−1cm−1), λonset = 470 nm. Cyclic voltammetry: (0.1 M Bu4NPF6 in
CH2Cl2, sweep width 1.75-(- 0.25), 0.1 Vs-1 scan rate) versus NHE: E(S+/S) = 1.46 V (onset,
irreversible); Egopt = 2.64 eV. E(S+/S*) = -1.18 V [vs. NHE, calculated from E(S+/S*) = (E(S+/S) – Egopt )].
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CHAPTER 3
3.1 THIENOPYRROLEDIONE-BASED PHOTOSENSITIZERS AS STRONG
PHOTOINDUCED OXIDANTS: OXIDATION OF FE(BPY)33+/2+ IN A >1.3 V DYESENSITIZED SOLAR CELL

Adapted with the permission from Roberta R. Rodrigues,; Adithya Peddapuram,; Austin L.
Dorris,; Nathan I. Hammer,; and Jared H. Delcamp. ACS Appl. Energy Mater. 2019, 2, 5547.
Copyright (2019) American Chemical Society.
(See appendix for permission license)

This project is a collaborative project between Dr. Delcamp group and Dr. Hammer group.
Roberta R. Rodrigues synthesized AP11, AP16 and AP17, fabricated and tested all DSC
devices, and measured all the CVs and DPVs. Adithya Peddapuram initially synthesized all
dyes. Austin L. Dorris measured the emissions spectra of the dyes.

ABSTRACT
The design of visible light absorbing organic dyes as strong photoinduced oxidants is
needed for many potential applications in energy production and storage. To access more positive
potentials, the electron deficient thienopyrroledione building block is promising as a π-bridge
combined with weak aryl-ether donor groups and the phenyl-cyanoacetic acid acceptor group. The
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hienopyrroledione (TPD) building block is compared to the ubiquitous benzothiadiazole (BTD)
building block which was recently used in a dye-sensitized solar cell (DSC) device with >1.4 V
photovoltage output. The variation in dye donor group is studied through UV-Vis absorption
spectroscopy and electrochemical methods both in solution and on TiO2 films. The TPD building
block resulted in a more positive ground state and excited state oxidation potential, a higher
photocurrent (up to 3.5 mA/cm2), and a higher power conversion efficiency (up to 2.9 %) than a
BTD analogue while retaining comparable photovoltages (~1.3 V versus ~1.4 V). Computational
analysis was used to better understand the optical properties of the thienopyrroledione-based dyes
showing overlap of orbitals at the TPD bridge in the S0 and S1 states. The dyes were analyzed in
high voltage-DSC devices with a challenging to oxidize redox shuttle, Fe(bpy)32+, at 1.37 V versus
NHE.

INTRODUCTION
Strong photoinduced oxidants are valuable to a range of applications including solar
batteries, solar-to-fuel devices, solar-to-electric devices, and chemical synthesis.5a, 12, 20 Generating
a photoinduced oxidant via interfacial electron transfer to a semiconductor is attractive for many
of these applications since interfacial charge separations are often dramatically longer lived than
intramolecular charge transfers (ms versus ns for many organic dyes).21 Extending charge
separation times is attractive for fundamental studies and for practical applications. The study of
chromophores bound to metal oxide semiconductors using visible light to generate oxidants < ~1.0
V versus NHE are well known through dye-sensitized solar cell and dye-sensitized
photoelectrochemical cell literature; however, systems significantly stronger in oxidation potential
(>1.5 V versus NHE) are less frequently reported.20c, 22 Designing chromophores that increase the
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oxidation potential is an important step toward enabling new sunlight driven chemical
transformations and using the full potential energy of early visible range photons to give larger
potential energy separations of charge which are needed for high voltage dye-sensitized solar cells
(HV DSCs) and multijunction devices such as sequential series multijunction dye-sensitized solar
cells (SSM-DSCs).4f, 20c, 23
Recently, we reported a >1.4 V HV-DSC device made possible through chromophore
design using undoped TiO2 and Fe(bpy)33+/2+ as a redox shuttle. 20c While such a high photovoltage
from a DSC device is intriguing, the dye used (RR9) suffers from the drawbacks of a higher than
need excited-state energy which lowers the photocurrent available from the system (Figure 7).
Notably, the use of an aryl-ether based donor group rather than a commonly employed aminebased donor allowed for the generation of a stronger oxidant upon photoexcitation. The aryl-ether
donor with 5 alkyl chains also provided excellent surface protection from back electron transfer
events between electrons in TiO2 and the oxidized redox shuttle which is commonly referred to as
recombination.24 Thus, continued exploration of aryl-ether groups as donors to retain a positive
oxidation potential, provide a directional charge transfer event within the dye, and as a platform
for alkyl chain incorporation to diminish recombination is desirable. Also, changing of the
benzothiadiazole (BTD) to a thienopyrroledione (TPD) allows for the introduction of an alkyl
chain on the π-bridge to improve dye solubility and metal oxide surface protection. TPD is well
known in conjugated organic electronic polymer literature as a strongly electron-accepting
building block,25 with notable uses in DSC literature where TPD is combined with aryl amine
donors to give broadly absorbing sensitizers.26 In this study, TPD is targeted in place of BTD to
lower the excited-state potential energy relative to photoexcited RR9 leading to less energy loss
and potentially a higher photocurrent through a red-shifting of the dye absorption while retaining
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the strong oxidizing properties of RR9+. A series of dyes were selected to probe this possibility
using 2-ethylhexyl alkylated TPD with a varying number and location of alkyl ethers on the donor
groups (1-5 groups per donor) to probe which donor design is best for recombination resistance
(Figure 7).

Figure 7. Target structures of AP11, AP14, AP16, and AP17. C6H13 refers to an n-hexyl
substituent and C8H17 refers to 2-ethylhexyl as the substituent.

EXPERIMENTAL SECTION
General Information: Reagents were purchased and used as received without further purification.
Thin-layer chromatography (TLC) was conducted with Sorbtech silica XHL TLC plates and
visualized with UV light (254 nm). Flash column chromatography was performed with Silicycle
ultrapure silica gels P60, 40-63 μm (230-400 mesh) or with a CombiFlash Rf+ instrument using
RediSep Rf Gold High Performance HP Silica chromatography pre-packed columns. 1H and 13C
NMR spectra were recorded on a Bruker Avance-500 (500 MHz) or Bruker Avance-300 (300 MHz)
spectrometer. Data reported as: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet,
m = multiplet, br = broad, ap = apparent, dd = doublet of doublets, coupling constant(s) in Hz,
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integration. UV-Vis spectra were measured with a Cary 5000 spectrometer. All samples were
measured in a 1 cm cell at room temperature with dichloromethane as a solvent or on TiO2 films
sensitized with a dye open to air (see Appendix for the film preparation procedure). Cyclic
voltammetry was measured with a C-H Instruments electrochemical analyzer. Voltammetry
measurements were carried out in dichloroethane (see Appendix for dichloromethane
measurements Figure 45-48) for solution studies using 0.1 M Bu4NPF6 as the electrolyte in a
three-electrode setup with a glassy carbon working electrode, a silver-wire reference (see
Appendix for Ag/AgCl reference measurements Figure 49), and a platinum counter electrode with
ferrocene as an internal standard. Fc+/Fc is taken as 0.73 V versus NHE in DCE based on CV
comparisons of DCE and DCM (see Appendix, Figure 44), the reported value of +0.46 versus
SCE in DCM,39 and the reported value of 0.24 V for SCE versus NHE.40 Voltammetry
measurements were conducted at 100 mV/s scan rates. The solution was purged with N2 prior to
measurements and all values are reported versus NHE. For CV measurements on dye-TiO2 films,
the working electrode is an FTO coated glass substrate with 3 µm of 20 nm TiO2 particles deposited
on the conductive side (see Appendix for the film preparation procedure) and sensitized with a dye
as described in the device details section. The solvent used with the film studies is MeCN. HRMS
spectra were obtained with a QTOF HRMS utilizing nanospray ionization (ESI). The mass
analyzer was set to the 200-2000  range. Infrared spectra were recorded with an Agilent Cary 660
ATR-FTIR. For the computational studies, geometries were first energy minimized with MM2 in
ChemBio3D Ultra (version:13.0.2.3021). Dihedral angles between benzene rings were set to
values between the global minimum and the next local minimum on the conformation energy
diagram. Next sequential geometry optimizations were conducted with density functional theory
(DFT) using Guassian09 with the B3LYP functional with the following basis sets: first 3–21G,
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second 6–31G(d,p) and finally 6–311G(d,p). No imaginary frequencies were observed for the
optimized geometries. Time-dependent density functional theory (TD-DFT) computations were
performed with optimized geometries and with the B3LYP functional and 6–311G(d,p) basis set
to compute the 10 lowest energy vertical transitions and oscillator strengths. Orbital images were
prepared with Avogadro 1.0.3 with an iso value of 0.02.
4-(5-(2-ethylhexyl)-3-(4-(hexyloxy)phenyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1yl)benzaldehyde (3): To a flame dried flask was added 5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole4,6(5H)-dione (1) (0.050 g, 0.19 mmol),27 1-bromo-4-(hexyloxy)benzene (A-Br) (0.048 g, 0.19
mmol), 4-bromobenzaldehyde (2) (0.034 g, 0.19 mmol) and toluene (1.88 ml, 0.10 M). The
solution was sparged with N2 for 20 minutes, then Pd(OAc)2 (4.2 mg, 0.019 mmol, 10 mol%),
tricyclohexylphosphine (0.010 g, 0.035 mmol, 20 mol%), and Cs2CO3 (0.073 g, 0.22 mmol, 1.2
equiv.) were added. The mixture was sealed under N2 and stirred for 16 hours at 110°C. The
reaction mixture was extracted with diethyl ether and the organic layer was separated and dried
with Na2SO4. After removal of the solvent under reduced pressure, the residue was purified via
silica gel column with 10% ethyl acetate/hexane as eluent. The product was isolated as a yellow
solid (0.019 g, 0.035 mmol, 19% yield). 1H NMR (500 MHz, CDCl3): δ 10.06 (s, 1H), 8.32 (d, J
= 8.5 Hz, 2H), 8.11 (d, J = 8.5 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 9.0 Hz, 2H), 4.03 (t,
J = 6.5 Hz, 2H), 3.58 (d, J = 7.0 Hz, 2H), 1.90-1.75 (m, 4H), 1.50-1.40 (m, 2.0H), 1.4-1.1 (m, 11H)
0.92-0.88 (m, 9H) ppm; 13C NMR (125 MHz, CDCl3): δ 191.5, 163.4, 163.3, 161.3, 147.1, 141.3,
136.7, 136.3, 132.4, 130.3, 130.1, 129.2, 128.6, 122.9, 115.0, 68.4, 42.8, 38.4, 31.7, 30.8, 29.9,
29.2, 28.8, 25.8, 24.1, 23.2, 22.7, 14.2, 10.6 ppm; IR (neat): 2924, 2854, 1745, 1698, 1601, 1503,
1462 cm-1. m/z: calc’d [M+Cs]+ for C33H39NO4SCs 678.1655; found: 678.1659.
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4-(3-(2,4-bis((2-ethylhexyl)oxy)phenyl)-5-(2-ethylhexyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4c]pyrrol-1-yl)benzaldehyde (4): To a flame dried flask was added 5-(2-ethylhexyl)-4H-thieno[3,4c]pyrrole-4,6(5H)-dione (1) (0.10 g, 0.38 mmol), 1-bromo-2,4-bis((2-ethylhexyl)oxy)benzene (BBr) (0.16 g, 0.38 mmol),28 4-bromobenzaldehyde (2) (0.069 g, 0.38 mmol), and toluene (3.8 ml,
0.1 M). The solution was sparged with N2 for 20 minutes, then Pd(OAc)2 (8.4 mg, 0.038 mmol,
10 mol%), tricyclohexyl phosphine (0.021 g, 0.075 mmol, 20 mol%), and Cs2CO3 (0.073 g, 0.45
mmol, 1.2 equiv.) were added. The flask was sealed, and stirred under N2 for 16 hours at 110°C.
After sixteen hours the reaction mixture was extracted with diethyl ether, and the organic layer
was separated and dried with Na2SO4. After removal of the solvent under reduced pressure, the
residue was loaded onto a silica gel column for purification with 10% ethyl acetate/hexane as the
eluent. The product was isolated as a yellow solid (0.03 g, 12% yield). 1H NMR (500 MHz, CDCl3):
δ 10.05 (s, 1H), 8.56 (d, J = 9.0 Hz, 1H), 8.30 (d, J = 8.5 Hz, 2H), 7.96 (d, J = 8.0 Hz, 2H), 6.65
(dd, J = 11, 2.0 Hz, 1H), 6.54 (d, J = 2.0 Hz, 1H), 4.02 (d, J = 5.5, 2H), 3.92-3.90 (m, 2H), 3.57
(d, J = 7.5 Hz, 2H), 1.90-1.7.0 (m, 2H), 1.70-1.55 (m, 1.0) 1.76-1.25 (m, 24H), 0.98-0.87 (m, 18H)
ppm; 13C NMR (125 MHz, CDCl3): δ 191.6, 163.8, 163.6, 162.7, 157.5, 143.5, 141.6, 137.0, 136.4,
132.9, 130.8, 130.3, 130.1, 128.5, 112.3, 105.5, 99.5, 71.8, 70.8, 42.7, 39.7, 39.5, 38.4, 31.0, 30.8,
30.6, 29.9, 29.3, 29.2, 28.8, 24.2, 24.1, 24.0, 23.3, 23.2, 23.2, 14.2, 14.2 , 11.4, 11.3, 10.6 ppm; IR
(neat): 2923, 2856, 1742, 1689, 1599, 1568, 1460 cm-1. HRMS (ESI-TOF) m/z: calc’d [M+Cs]+
for C43H59NO5SCs 834.3168; found: 834.3143 with an identical isotope pattern to the predicted
pattern.
4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2',2'',4,4''-pentakis(hexyloxy)-[1,1':3',1''-terphenyl]-5'-yl)5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (5): To a flame dried flask was added 5(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (1) (0.10 g, 0.38 mmol), 5'-bromo25
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bromobenzaldehyde (2) (0.069 g, 0.38 mmol), and toluene (3.7 mL, 0.1 M). The solution was
sparged with N2 for 20 minutes, then Pd(OAc)2 (8.4 mg, 0.038 mmol, 10 mol%), tricyclohexyl
phosphine (10.6 mg, 0.075 mmol, 20 mol%), and Cs2CO3 (0.073 mg, 0.22 mmol, 1.2 equiv.) were
added. The vessel was sealed and stirred under N2 for 16 hours at 110oC. After sixteen hours, the
reaction mixture was extracted with diethyl ether and the organic layer was separated and dried
with Na2SO4. After removal of the solvent under reduced pressure, the residue was loaded onto a
silica gel column for purification with 5-10% ethyl acetate/hexane as eluent. The product was
isolated as a yellow solid (0.05 g, 0.046 mmol, 12 % yield). 1H NMR (500 MHz, CDCl3): δ 10.05
(s, 1H), 8.31 (d, J = 8.0 Hz, 2H), 8.04 (s, 2H), 7.96 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H),
6.55-6.52 (m, 4H), 4.00 (t, J = 6.0 Hz, 4H), 3.96 (t, J = 6.5 Hz, 4H), 3.56 (d, J = 7.0 Hz, 2H), 3.25
(t, J = 6.0 Hz, 2H), 1.90-1.75 (m, 6H), 1.75-1.63 (m, 5H), 1.63-1.54 (m, 4H), 1.54-1.41 (m, 5H),
1.41-1.11 (m, 25H), 1.10-1.00 (m, 4H), 1.00-0.80 (m, 12H), 0.80-0.65 (m, 9H); (125 MHz, CDCl3):
δ 191.6, 163.4, 163.0, 160.0, 158.3, 157.5, 147.7, 141.5, 136.6, 136.5, 133.0, 132.4, 132.2, 131.2,
130.3, 129.5, 128.6, 124.4, 120.2, 104.9, 100.2, 72.9, 68.6, 68.2, 42.8, 38.2, 31.8, 31.8, 31.7, 31.6,
30.7, 30.0, 29.9, 29.5, 29.3, 28.7, 25.9, 25.9, 25.5, 24.0, 23.2, 22.8, 22.7, 14.2, 14.2, 14.2, 10.6
ppm; IR (neat): 2926, 2859, 1748, 1698, 1605, 1504 cm-1. MS (ESI-TOF) m/z: calc’d [M+Cs]+ for
C69H95NO8SCs [M + Cs]+: 1230.5833; found: 1230.5850 with an identical isotope pattern to the
predicted pattern.
4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2'',4,4''-tetrakis(hexyloxy)-[1,1':3',1''-terphenyl]-5'-yl)-5,6dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (6): To a flame dried flask were added 4-(5(2-ethylhexyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (7) (0.100 g,
0.27 mmol, 5'-chloro-2,2'',4,4''-tetrakis(hexyloxy)-1,1':3',1''-terphenyl (D-Cl) (0.197 g, 0.29
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mmol), toluene (2.7 ml, 0.1 M). The solution was purged with N2 for 20 minutes. Then, Pd(OAc)2
(3.0 mg, 0.0135 mmol, 5 mol%), tricyclohexyl phosphine (7.6 mg, 0.0268 mmol, 10 mol%) and
Cs2CO3 (0.105 g, 0.32 mmol) were added. The reaction was sealed under N2, and stirred for 16
hours at 110°C. After 16 hours, the reaction mixture was extracted with diethyl ether and the
organic layer was separated and dried with Na2SO4. After removal of the solvent under reduced
pressure, the residue was loaded onto a silica gel column for purification with 5-10% ethyl
acetate/hexane as eluent. The product was isolated as a yellow solid (0.100 g, 0.100 mmol, 37%
yield). 1H NMR (500 MHz, CDCl3): δ 10.06 (s, 1H), 8.33 (d, J = 8.0 Hz, 2H), 8.23 (s, 2H), 7.98
(d, J = 7.5 Hz, 2H), 7.84 (s, 1H), 7.40 (d, 8.50, 2H), 6.59-6.57 (m, 4H), 4.02-3.95 (m, 8H), 3.59
(d, J = 7 Hz, 2H), 1.92-1.77 (m, 4H), 1.77-1.65 (m, 4H), 1.60-1.41 (m, 6H), 1.41-1.3 (m, 24H),
1.00-0.80 (m, 12H), 0.80-0.75 (m, 9H), ppm; 13C NMR (125 MHz, CDCl3): δ = 191.4, 163.3, 162.8,
160.1, 157.1, 147.8, 142.0, 138.9, 136.6, 136.3, 133.0, 132.3, 131.3, 130.2, 130.2, 129.2, 128.5
127.3, 122.6, 105.5, 100.4, 68.4, 68.2, 42.7, 38.2, 31.7, 31.7 , 30.6, 29.3, 29.2, 28.6, 26.0, 25.8,
23.9, 23.1, 22.6, 22.5, 14.1, 14.1, 14.0, 10.5 ppm; IR (neat): 2920, 2852, 1701, 1606 cm-1. MS
(ESI-TOF) m/z : calc’d [M]+ for C36H83NO7S : 997.6; found: 998.0 with an identical isotope pattern
to the predicted pattern.
4-(5-(2-ethylhexyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (7):
To a flame dried flask was added 5-(2-ethylhexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (1)
(0.40 g, 1.51 mmol), 4-bromobenzaldehyde (2) (0.28 g, 1.50 mmol), and toluene (15 mL, 0.1M).
The solution was sparged with N2 for 20 minutes, then Pd(OAc)2 (17 mg, 0.076 mmol 5 mol%),
tricyclohexyl phosphine (0.042 g, 0.15 mmol, 10 mol%), and Cs2CO3 (0.58 g, 1.8 mmol, 1.2 equiv.)
were added. The vessel was sealed under N2 and stirred for 4 hours at 110°C. After 4 hours, the
reaction mixture was extracted with diethyl ether and the organic layer was separated and dried
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with Na2SO4. After removal of the solvent under reduced pressure, the residue was loaded onto a
silica gel column for purification with 10-20% ethyl acetate/hexane as eluent. The product was
isolated as a pale-yellow solid (200 mg, 0.542 mmol, 36% yield). 1H NMR (500 MHz, CDCl3): δ
10.06 (s, 1H), 8.30 (d, J = 8.5 Hz, 2H), 7.97 (d, J = 8.0 Hz, 2H), 7.82 (s, 1H), 3.56 (d, J = 7.0 Hz,
2H), 1.84-1.81 (m, 1H), 1.35-1.25 (m, 8H), 0.97-0.82 (m, 6H) ppm; 13C NMR (125 MHz, CDCl3):
δ 191.4, 163.4, 162.7, 145.5, 138.4, 137.0, 136.2, 131.0, 130.4, 128.6, 124.7, 42.8, 38.4, 30.7, 28.7,
24.0, 23.2, 14.2, 10.6 ppm; IR (neat): 3088, 2954, 2925, 2857, 1757, 1694, 1601, 1532 cm -1. MS
(ESI-TOF) m/z: calc’d [M+Cs]+ for C21H23NO3SCs: 502.0; found: 502.0 with an identical isotope
pattern to the predicted pattern.
5'-chloro-2,2'',4,4''-tetrakis(hexyloxy)-1,1':3',1''-terphenyl (D-Cl): To a flame dried flask was
added commercially available 1,3-dibromo-5-chlorobenzene (8) (1.5 g, 5.5 mmol), (2,4bis(hexyloxy)phenyl)boronic acid (9) (3.9 g, 12.2 mmol),42 toluene (22 mL, 0.25 M), and aqueous
K2CO3 (2.7 ml of a 2.0 M solution). The solution was sparged with N2 for 20 minutes, then
Pd(PPh3)4 (64 mg, 0.55 mmol, 10 mol%) was added. The reaction was stirred under N2 for 16
hours at 110oC. After sixteen hours, the reaction mixture was extracted with diethyl ether, and the
organic layer was separated and dried with Na2SO4. After removal of the solvent under reduced
pressure, the residue was loaded into a silica gel column for purification with 2-5% diethyl
ether/hexane as eluent. The product was isolated as a colorless oil (1.37 g, 2.2 mmol, 41% yield).1H
NMR (500 MHz, CDCl3): δ 7.53 (s, 1H), 7.47 (d, J = 1.5 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 6.546.53 (m, 4H), 3.98 (t, J = 6.5 Hz, 4H), 3.95 (t, J = 6.5 Hz, 6H) 1.85-1.75 (m, 4H), 1.75-1.67 (m,
4H), 1.52-1.44 (m, 4H), 1.44-1.38 (m, 4H), 1.38-1.30 (m, 8H), 1.30-1.18 (m, 8H), 0.92 (t, J = 7.0
Hz, 6H), 0.85 (t, J = 7.0 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3): δ 160.1, 157.1, 139.6, 132.9,
131.2, 128.6, 127.5, 122.4, 105.4, 100.4, 68.5, 68.2, 31.8, 31.7, 29.4, 29.3, 26.1, 25.9, 22.8, 22.7,
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14.2, 14.2 ppm; IR (neat): 2925, 2859, 1605, 1578, 1505 cm-1. HRMS (ESI-TOF) m/z: calc’d
[M+Cs]+ for C42H61ClO4Cs: 797.3313; found: 797.3297 with an identical isotope pattern to the
predicted pattern.
(E)-2-cyano-3-(4-(5-(2-ethylhexyl)-3-(4-(hexyloxy)phenyl)-4,6-dioxo-5,6-dihydro-4Hthieno[3,4-c]pyrrol-1-yl)phenyl)acrylic acid (AP11): To a round bottom flask was added 4-(5hexyl-3-(4-(hexyloxy)phenyl)-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde
(3) (26 mg, 0.047 mmol) and CHCl3 (4.7 mL, 0.01 M), cyanoacetic acid (18 mg, 0.141 mmol)
and piperidine (0.033 mL, 0.329 mmol). The flask was sealed under N2 and stirred at 80°C for 16
hours. The reaction mixture was acidified with acetic acid (~1.0 mL), then extracted with diethyl
ether and water. The organic layer was separated, and the solvent was evaporated under reduced
pressure. The yellow solid was purified through a silica gel column with a mixture of 5-10%
methanol:dichloromethane, and the organic layer was concentrated under reduced pressure to give
the product as a yellow solid (17 mg, 0.028 mmol, 59%). 1H NMR (500 MHz, DMSO-d6 at 50°C):
δ 8.26 (d, J = 8.5 Hz, 2H), 8.11 (d, J = 8.0 Hz, 3H), 8.06 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 8.5 Hz,
2H), 4.08 (t, J = 6.0 Hz, 2H), 3.48 (d, J = 5.5 Hz, 2H), 1.82-1.69 (m, 4H), 1.51-1.37 (m, 3.0H),
1.37-1.10 (m, 10H), 0.89 (t, J = 5.5 Hz, 9H) ppm; 13C NMR data is not available due to limited
solubility of the compound; IR (neat): 3480, 2922, 2855, 1741, 1691, 1596, 1503 cm-1. MS (ESITOF) m/z : calc’d [M-H]- for C36H39N2O5S: 611.3; found: 611.3 with an identical isotope pattern
to the predicted pattern.
(E)-3-(4-(3-(2,4-bis((2-ethylhexyl)oxy)phenyl)-5-(2-ethylhexyl)-4,6-dioxo-5,6-dihydro-4Hthieno[3,4-c]pyrrol-1-yl)phenyl)-2-cyanoacrylic acid (AP14): To a round bottom flask was added
4-(5-(2-ethylhexyl)-3-(4-((2-ethylhexyl)oxy)-2-(octan-3-yloxy)phenyl)-4,6-dioxo-5,6-dihydro4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (4) (45 mg, 0.064 mmol), CHCl3 (6.4 mL, 0.01 M),
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cyanoacetic acid (16.3 mg, 0.192 mmol), and piperidine (0.044 mL, 0.448 mmol). The flask was
sealed under N2 and stirred at 80°C for 16 hours. The reaction mixture was acidified with acetic
acid, then extracted with diethyl ether and water. The organic layer was separated, and the solvent
was evaporated under reduced pressure. The organic layer was purified through a silica gel column
with a mixture of 5-10% methanol:dichloromethane. The organic layer was concentrated under
reduced pressure to give the product as a yellow solid (20 mg, 0.026 mmol, 48%). 1H NMR (500
MHz, CDCl3): δ 8.55 (d, J = 8.5 Hz, 1H), 8.36-8.22 (m, 3H), 8.10 (d, J = 7.5 Hz, 2H), 6.64 (d, J =
10.5 Hz, 2H), 6.54 (s, 1H), 4.02 (d, J = 4.5 Hz, 2H), 3.96-3.85 (m, 2H), 3.56 (d, J = 7 Hz, 2H),
1.97-1.69 (m, 8H), 1.79-1.38 (m, 8H), 1.38-1.28 (m, 11H), 1.00-0.79 (m, 18H) ppm;

13
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data is not available due to limited solubility of the compound; IR (neat): 2957, 2922, 2854, 1740,
1689, 1568 cm-1. MS (ESI-TOF) m/z : calc’d [M-H]- for C46H59N2O6S: 767.4; found: 767.5 with
an identical isotope pattern to the predicted pattern.
(E)-2-cyano-3-(4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2',2'',4,4''-pentakis(hexyloxy)-[1,1':3',1''terphenyl]-5'-yl)-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)phenyl)acrylic acid (AP16): To a
round bottom flask was added 5 (100 mg, 0.091 mmol), chloroform (9.1 mL, 0.01M), cyanoacetic
acid (23 mg, 0.27 mmol), and piperidine (0.063 mL, 0.64 mmol). The flask was sealed under N 2
and stirred at 80°C for 16 hours. Then acetic acid (1.0 mL) was added, and the mixture was
extracted with diethyl ether and water. The organic layer was purified through a silica gel column
with a mixture of 5-10% methanol:dichloromethane. The organic layer was concentrated under
reduced pressure to give the product as an orange solid (30 mg, 0.026 mmol, 57%). 1H NMR (300
MHz, DMSO-d6 at 100°C): δ 8.27 (d, J = 8.4 Hz, 2H), 8.17 (s, 2H), 8.10 (d, J = 8.4, 2H), 7.98 (s,
2H), 7.21 (d, J = 8.4, 2H), 6.65 (d, J = 1.8, 2H), 6.58 (dd, J = 10.5 Hz, J = 2.1 Hz, 2H), 4.16-3.98
(m, 8H), 3.45 (d, J = 6.9 Hz, 2H), 3.19 (t, J = 6.3Hz, 2H), 1.80-1.66 (m, 5H), 1.66-1.51 (m, 5H),
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1.51-1.38 (m, 5H), 1.38-0.95 (m, 34H), 0.95-0.78 (m, 12), 0.78-0.60 (m, 9H) ppm; 13C NMR data
is not available due to limited solubility of the compound; IR (neat): 2925, 2858, 1744, 1696, 1601,
1504 cm-1. MS (ESI-TOF) m/z: calc’d [M-H]- for C72H95N2O9S: 1163.7; found: 1163.6 with an
identical isotope pattern to the predicted pattern.
(E)-2-cyano-3-(4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2'',4,4''-tetrakis(hexyloxy)-[1,1':3',1''terphenyl]-5'-yl)-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)phenyl)acrylic acid (AP17): To a
round bottom flask was added 4-(5-(2-ethylhexyl)-4,6-dioxo-3-(2,2'',4,4''-tetrakis(hexyloxy)[1,1':3',1''-terphenyl]-5'-yl)-5,6-dihydro-4H-thieno[3,4-c]pyrrol-1-yl)benzaldehyde (6) (50 mg,
0.05 mmol), chloroform (5.0 mL, 0.01 M), cyanoacetic acid (12 mg, 0.12 mmol), and piperidine
(0.034 mL, 0.35 mmol) into the flask. The flask was sealed under N2 and stirred at 80°C for 16
hours. Then acetic acid (1.0 mL) was added, and mixture was extracted with diethyl ether and
water. The organic layer was purified through a silica gel column with mixture of 5-10%
methanol:dichloromethane. The organic layer was concentrated under reduced pressure to give an
orange product (40 mg, 0.037 mmol, 78%).1H NMR (500 MHz, DMSO-d6 at 100°C): δ 8.28 (d, J
= 7.0 Hz, 2H), 8.22 (s, 1H), 8.18 (s, 2H), 8.09 (d, J = 7.5 Hz, 2H), 7.74 (s, 1H), 7.36 (d, J = 8.0
Hz, 2H), 6.72-6.55 (m, 4H), 4.05 (t, J = 6.5, 4H), 4.01 (t, J = 6.0, 4H), 3.52 (d, J = 6.5 Hz, 2H),
1.85-1.70 (m, 5H), 1.70-1.54 (m, 5H), 1.54-1.39 (m, 5H), 1.49-0.97 (m, 37H), 0.97-0.74 (m, 12H),
0.71 (t, J = 7.5 Hz, 6H) ppm; IR (neat): 2922, 2853, 1697, 1601, 1504 cm-1. HRMS (ESI-TOF)
m/z: calc’d [M-H]- for C66H84N2O8S: 1063.5870; found: 1063.5900 with an identical isotope
pattern to the predicted pattern.
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RESULTS AND DISCUSSION
Synthesis: The synthesis of the target dyes AP11, AP14, AP16, and AP17 began with either the
palladium catalyzed single or double C-H activation of starting TPD building block 1 (Scheme
1).27 A double C-H activation route was used to install the known bromine substituted aryl ether
donor groups (A-C)20c, 28 and 4-bromobenzaldehyde (2) in one pot for rapid access to aryl ether
donor-TPD-Ph-COH intermediates 3-5 in route to AP11, AP14, and AP16. The aryl-ether group
(D-Cl) used with AP17 was most readily accessed as the chlorine substituted coupling partner
from commercial materials in one step from 1,3-dibromo-5-chlorobenzene (8) and dialkoxyphenyl
boronic acid 9.29 A two-step sequential C-H activation route was used to couple aryl ether D-Cl to
TPD by first synthesizing TPD-Ph-COH (7) via C-H activation from TPD 1 and 2 in 36% yield
followed by coupling of D-Cl with 7 in 37% yield to give 6. Knoevenagel with intermediates 3-6
and cyanoacetic acid awarded the target dyes in 48-78% yield.

Scheme 2. Synthetic route to target dyes AP11, AP14, AP16, and AP17.
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Optical Properties: The optical properties of the dyes were examined both in solution and on
TiO2 through UV-Vis absorption spectroscopy to compare the effect of varying the number and
position of the alkoxy-ether groups. In dichloromethane, the lowest energy absorption feature
presented as a shoulder in the spectrum for each of the dyes at about 405-440 nm with absorption
curve onsets in the following order from shortest to longest wavelength: AP17 < AP16 < AP11 <
AP14 (Figure 8). The onsets of absorption are all red-shifted relative to RR9 indicating a higher
photocurrent is possible in devices based on AP11, AP14, AP16, and AP17 by conversion of lower
energy photons (Table 2). These dyes are designed to be intramolecular charge transfer (ICT) dyes
with ether donor groups positioned on one side of the molecule in order to position the highest
occupied orbital density on the aryl ether region, which can be transferred to the electron deficient
region. As such, AP17 is expected to be the least red-shifted in the series whereas none of the 4
alkoxy groups are in resonance conjugation with the TPD bridge. AP16 introduces an additional
alkoxy group to AP17 which is in conjugation with the TPD bridge resulting in a red-shift of the
lowest energy absorption curve feature. AP11 is the next most red-shifted with a single alkoxy
group that is in conjugation with the TPD bridge. Finally, the most red-shifted dye is AP14. The
relative red-shift of AP14 compared to the other dyes is predictable since AP14 has the largest
number of alkoxy groups (2) in conjugation with the TPD bridge.
The molar absorptivity () was examined for each of the dyes at the highest absorption
point >350 nm (Table 2). The peak absorption (max) for each of the dyes fell between 377-399
nm with  values ranging from 19,000-27,000 M-1cm-1 in the following order: AP11 < AP16 ≤
AP17 < AP14. The number of alkyl chains and the strength of the ICT transition are known to
affect molar absorptivity.30 AP11 with the fewest alkyl chains had the lowest molar absorptivity
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(19,000 M-1cm-1) followed by similar values for AP16 and AP17 (22,000-23,000 M-1cm-1) with 5
and 4 alkoxyl chains, respectively. AP14 has the highest molar absorptivity in the series (27,000
M-1cm-1) which may be due to the donor group of AP14 having two alkoxy chains in conjugation
with the TPD group resulting in a stronger ICT band. On TiO2 films, the dyes each show similar
trends in energy of absorption and curve shapes as in solution except for AP11 (Figure 8, Table
2). AP11 shows a change in curve shape on film with the low energy shoulder at a similar height
to the high energy feature which is different to solution measurements where these features are
significantly different heights. The origin of this change in absorption curve feature height on TiO2
is not apparent for AP11; however, aggregative effects are a potential cause as has been observed
before.31 This hypothesis is consistent with AP11 uniquely having only one alkyl chain and no
ortho substituted ether groups to reduce π-system planarity. The absorption curve onsets are also
shifted by about 50 nm for each dye on TiO2 compared to solution.

34

Figure 8. Molar absorptivities of AP11, AP14, AP16, and AP17 in dichloromethane (top) and
as normalized absorption curves on TiO2 (bottom).
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Table 2. Optical and electrochemical properties of AP11, AP14, AP16 and AP17 in
solution and on TiO2 when listed.
Optical Data (in DCM unless noted)

Electrochemical Data

max

E(0-0)

onsetTiO2 

(nm)a

(eV)b

(eV)c

(M-1cm-1) (V)d

(V)e

(V)f

(V)g

AP11

377

2.61

2.53

19,000

1.81

1.85

-0.80

-0.68

AP14

399

2.51

2.41

27,000

1.52

1.73

-0.99

-0.89

AP16

384

2.77

2.53

22,000

1.62

1.95

-1.15

-0.91

AP17

379

2.81

2.61

23,000

1.61

1.85

-1.20

-0.76

E(S+/S) E(S+/S)TiO2 E(S+/S*)

E(S+/S*)TiO2

Dye

a

These are the peak values observed. The AP dyes have a red-shifted shoulder relative to this peak

(see Figure 8). See Table 2 values and related discussion below for more details. bMeasured from
the intercept of the absorption and emission curves (Appendix, Figure 56). cOnset values are taken
from the x-intercept of a tangent line on the low energy side of the absorption curve. Since the
absorption curves are broad on TiO2 max values are not reported. d Reported from DPV in 1,2dichloroethane (Appendix, Figure 50). eReported from cyclic voltammetry as the anodic peak
current (Epa) value due to irreversibility (Figure S13). fCalculated from the equation E(S+/S*) = E(S+/S)
- E(0-0). gCalculated from the equation E(S+/S*) = E(S+/S) - Egopt where Egopt = 1240/onsetTiO2. See SI
for additional optical and electrochemical data analyses using methods directly comparable to RR9
(Appendix, Figures 45-56, Tables 16-17).

Electrochemical Properties: Electrochemical analysis for each dye was conducted via
differential pulse voltammetry (DPV) in solution or via cyclic voltammetry (CV) on TiO2 coated
FTO (fluorine-doped tin oxide) (Table 2, Figure 9). AP11 had the highest value ground state
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oxidation potential (strongest oxidant as a cation, E(S+/S)) at 1.81 V vs. normal hydrogen electrode
(NHE) in 1,2-dichloroethane (DCE). A similar value is observed when AP11 is measured on TiO2
electrodes (1.85 V). AP14 has the lowest value E(S+/S) in solution at 1.52 V and on TiO2 at 1.73 V.
Concerning the shift in oxidation potential at the TiO2 surface, significant changes in organic dye
energetics are commonly empirically observed in literature when solution and TiO2 films are
compared. 24b, 32 AP16 and AP17 were at intermediate E(S+/S) values for this series at 1.62 and 1.61
V, respectively. The oxidation potentials for both dyes increased to 1.95 and 1.85 V on TiO2,
respectively. Notably, as a cation, all of these dyes are adequate energetically to oxidize Fe(bpy)32+
at 1.37 V vs. NHE with a regenerative driving force (∆Greg) of ≥300 mV on TiO2 (Figure 9). The
cations of the dyes studied herein are significantly stronger oxidizing than typical organic dyes
which have E(S+/S) values near 1.0 V and are not suitable for the efficient oxidation of Fe(bpy)32+.12,
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Importantly, AP11, AP14, AP16, and AP17 are all red-shifted and retain more positive
oxidation potentials (>1.73 V) relative to RR9, which indicates the excited-state energy has
diminished for the AP series dyes relative to RR9. This is desirable since excess excited-state
energy is thermal energy waste for applications involving TiO2 such as HV DSCs. The excitedstate oxidation potentials (E(S+/S*)) for the AP series dyes are calculated with the equation E(S+/S*)
= E(S+/S) – Egopt, where Egopt is estimated from the absorption curve onset on TiO2 (see Table 2
caption). The E(S+/S*) values become more negative in the following order: AP11 > AP17 > AP14 >
AP16 on TiO2 film. The excited-state values shift to less negative values by 100-440 mV on TiO2
films when compared to solution. The largest changes between solution and film in E(S+/S*) values
are observed with dyes AP16 (240 mV change) and AP17 (440 mV change). The origin for this
change in E(S+/S*) value when solution and film is compared is not obvious from these studies. The
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E(S+/S*) values on TiO2 show driving forces for electron injection (∆Ginj) into the TiO2 conduction
band (CB) of 180-410 mV. Thus, the AP dye cations are stronger oxidizing than the RR9+ (1.56
V oxidation potential), and the AP series dyes could have less photon conversion energy waste
due to the lower excited-states.

Figure 9. Energy level diagram for AP11, AP14, AP16, and AP17 on TiO2. The TiO2 CB is taken
as -0.50 V versus NHE in MeCN as is generally approximated in the field,2, 34 but it should be
noted that this value can shift dramatically based on environment.35 The potential of the I-/I3- redox
shuttle system is shown as a reference point as a single potential as is generally reported value in
the field;2, 12, 20a, 34a, 36 however, it should be noted that this is a crude approximation and the I3–/I–
system is too complex to accurately report as a single number.37

Computational Analysis: Spatial orbital positioning is critical for organic chromophores to
function efficiently in photoinduced interfacial electron transfer systems. Ideally, the orbital where
the electron originates should be far from the semiconductor surface to slow back electron transfer
after charge separation, and the orbital where the electron travels to after photoexcitation should
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be close to the surface of the semiconductor for efficient electron transfer events. To evaluate the
orbitals involved during photoexcitation and the spatial positioning of these orbitals, DFT and TDDFT calculations were performed at the B3LYP/6-311G(d,p) level for the AP series dyes.38 Upon
geometry optimization, TD-DFT was analyzed to identify the key molecular orbitals within these
dyes for the first significant low energy transition. For dyes AP11 and AP14, the first state (lowest
energy) calculated shows a ≥98% highest occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) transition with strong oscillator strengths of 0.714 and
0.486 observed, respectively. The corresponding vertical transition energy for each dye is 466 nm
(AP11) and 480 nm (AP14) which is closely correlated (within 0.23 eV) to the observed
experimental max shoulder energy for each dye (Table 3). For both AP16 and AP17, the first two
states analyzed had low oscillator strengths (< 0.1), and the third state (HOMO-2  LUMO, ≥98%)
is the lowest energy state with a strong oscillator strength (0.674 and 0.820, respectively). The
energy of this third state is again in close correlation to the lowest energy experimentally observed
absorption curve feature (within 0.21 eV). Having identified the key orbitals involved in the first
strong optical transition for each dye, the spatial positioning of these orbitals was analyzed for
suitable photoinduced interfacial charge transfer characteristics (Figure 10). The occupied
molecular orbital for each dye (HOMO for AP11 and AP14; HOMO-2 for AP16 and AP17) shows
positioning primarily on the benzene ring of the donor region attached to the TPD bridge and onto
the TPD bridge. The LUMO for each dye is positioned primarily on the TPD bridge and benzenecyano acrylic acid groups. These calculations confirm ICT is occurring as the dominate low energy
transition for these dyes. The spatial positioning of the orbitals is also ideal for electron injection
into TiO2 and prolonging charge separation.
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Figure 10. HOMO or HOMO-2 and LUMO orbitals of AP11, AP14, AP16, and AP17. The
highest energy occupied orbital involved in the lowest energy first major transition (f ≥ 0.1) is the
HOMO-2 orbital for AP16 and AP17 (see discussion above).
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Table 3. Computational data from TD-DFT analysis of AP11, AP14, AP16, and AP17.
Dye

(%, state)

∆E comp. vs oscillator

trans.

shoulder

exp. (eV)

strength

(nm)

(nm)b

AP11

HL

99, S0  S1

466

430

0.22

0.714

AP14

HL

98, S0  S1

480

440

0.23

0.486

AP16

HL

99, S0  S1

579

0.002

H-1  L

99, S0  S2

533

0.098

H-2  L

99, S0  S3

451

HL

99, S0  S1

586

0.001

H-1  L

99, S0  S2

525

0.060

H-2  L

98, S0  S3

435

AP17

a

exp.

Transitiona contribution vert.

420

405

0.20

0.21

0.674

0.820

H = HOMO, H-1 = HOMO-1, H-2 = HOMO-2, L = LUMO. b This value is estimated from the

lowest energy feature of the absorption curve taken in dichloromethane.

High Voltage DSC Devices: HV DSC devices were fabricated with these dyes with TiO2 and
Fe(bpy)33+/2+ as a redox shuttle to demonstrate the utility of a strong photoinduced oxidant in an
application. The open-circuit voltage (VOC) for the AP series dyes was in the range of 1.26-1.32 V.
These values are near the high performing RR9 at 1.42 V (Figure 11, Table 4).39 The short circuit
current density (JSC) improved for all of the AP dyes relative to the value reported for RR9 by up
to 25% for a maximum JSC of 3.5 mA/cm2. This increase is due to the lowering of the AP series
dye excited-state to narrow the dye optical gap resulting in a red shift of the AP series dye incident
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photon-to-current conversion efficiency (IPCE) onset relative to RR9 by about 25 nm (Figure 11).
AP11 shows an IPCE peak near 60% with the remaining dyes having maximum IPCE values of
about 50-55%. The IPCE intensity is controlled by a number of factors concerning both optical
properties and charge transport properties of the device, and the reason for the higher IPCE of
AP11 is not obvious in these studies since the dye loading density was similar to AP14 and AP17
at 4.1-4.5 x 10-7 mol/cm2 (Appendix, Table 20). AP16 shows a modestly diminished dye loading
density at 3.1 x 10-7 mol/cm2; however, the IPCE peak intensity is similar to that of AP14 and
AP17. All of the IPCE values are likely negatively impacted from the absorbance of the Fe(bpy)32+
redox shuttle which has a molar absorptivity of 9,500 M-1cm-1 in MeCN with the absorption onset
extending beyond that of the dyes studied here (see Appendix Figure 57-58 and Table 18) for
device data with the I3-/I-, and Co(bpy)33+/2+ electrolytes). Fe(bpy)33+ does not have an appreciable
absorption in the visible spectral region (Appendix, Figure 57). Notably, the fill factor (FF)
increased to 0.58-0.65 for the AP series devices relative to the reported RR9 device at 0.47. While
the origin of this increase is not directly obvious, we do note that the AP series dyes shows the
appearance of a slight reverse wave via CV measurements while RR9 shows no signs of a reverse
wave indicating a potentially more stable AP+ species is formed (Appendix, Figure 49). According
to the equation PCE = (VOC x JSC x FF)/I0, where PCE is power conversion efficiency and I0 is the
sun intensity (set to near 1 sun in these studies as measured with a calibrated reference solar cell),
a PCE of 2.2-2.9% is observed for these devices which improves on the 1.9% PCE of the RR9
device while maintaining comparable photovoltages.
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Figure 11. J-V curves (left) and IPCE spectra (right) for AP11, AP14, AP16, and AP17 based
DSC devices with Fe(bpy)33+/2+.

Table 4. Device data with dyes AP11, AP14, AP16 and AP17.a

a

Dye

Voc (V)

Jsc (mA/cm2)

FF

PCE (%)

AP11

1.26

3.50

0.63

2.9

AP14

1.32

3.40

0.63

2.7

AP16

1.29

3.10

0.65

2.6

AP17

1.27

2.90

0.58

2.2

RR9

1.42

2.80

0.47

1.9

See Appendix for device fabrication details, device compositions, and integrated photocurrent

densities from the IPCE spectrum.

Small modulated photovoltage transient (SMPVT) studies provide a method to analyze
electron lifetimes in TiO2 for DSC devices under continuous illumination at varied light intensities.
These studies are often correlated to the rate of recombination of electrons in TiO2 with the
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oxidized redox shuttle.40 Electron lifetimes were found to increase in the following order AP17 
AP11 < AP16 < AP14 which matches the observed open circuit voltages from current-voltage
curve measurements (Figure 12). Recombination is likely fastest with AP11 and AP16, while
AP14 limits the rate of recombination the most in this series. The origin of the change in
recombination rate is challenging to explicitly determine since the rate of recombination is related
to many factors such as dye-redox shuttle non-covalent interactions, surface orientation, surface
footprint, solid-state ordering, and dye loading. However, the AP14 aryl-ether donor group is
significantly rotated out of plane with the TPD conjugated system due to an ortho substituted alkyl
ether relative to the TPD group. The out of plane alkyl ether substituent near the TPD bridge likely
aids in adding a protective insulting group relatively close to the TiO2 surface when compared with
the other AP dyes. The out of plane alkyl ether group conveniently provides surface insultation in
a separate direction to that of the TPD alkyl group which likely leads to less recombination and as
a result the highest photovoltage of the series.

Figure 12. Small modulated photovoltage transient measurements of AP11, AP14, AP16 and
AP17.
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CONCLUSIONS
Thienopyrroledione is investigated as an electron deficient π-bridge for the photoinduced
generation of a strong oxidant at a semiconductor interface with visible light. Through DPV studies
in solution and CV studies on TiO2 films, the oxidizing potential of TPD dye cations is found to
be significantly stronger than that of a benzothiadiazole analogue. The UV-Vis absorption
spectroscopy reveals a modest red-shift of the TPD based dyes as well, which indicates the excitedstate has been lowered for the TPD dyes relative to BTD. This is desirable for applications
involving TiO2 to avoid excess photon energy waste during photoinduced electron injection into
the TiO2 CB. Via computational studies, the primary orbitals contributing to photoexcitation were
found to be well positioned spatially for photoinduced electron transfer at a metal oxide interface
with potentially good charge separation duration. HV DSC devices were fabricated with the AP
series dyes and compared to record performing RR9 under identical conditions. The photovoltage
from AP14 was found to be comparable to that of RR9 (1.32 vs. 1.42 V). The AP14 device was
found to have a higher photocurrent and fill factor leading to a higher power conversion efficiency
relative to the reported RR9 device. The range of photovoltages obtained was correlated to the rate
at which electrons in TiO2 recombine with Fe(bpy)23+ for each of the AP series devices with AP14
showing the slowest recombination and highest photovoltage. Future directions are focused on
modifying the donor group to generate stronger photoinduced oxidants and evaluation of
additional redox shuttles that can demonstrate the full oxidation strength of the AP series dye
cations in an application by diminishing thermal energy waste during regeneration.
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CHAPTER 4
4.1 HIGHLY ACTIVE RUTHENIUM CNC PINCER PHOTOCATALYSTS FOR VISIBLE
LIGHT DRIVEN CARBON DIOXIDE REDUCTION
Adapted from Sanjit Das,†; Roberta R. Rodrigues,†; Robert W. Lamb, Fengrui Qu, Eric
Reinheimer,; Chance M. Boudreaux, Charles Edwin Webster,; Jared H. Delcamp,; Elizabeth T.
Papish.; Inorg.Chem. 2019, 58, 8012. Reproduced by permission of THE AMERICAN
CHEMICAL SOCIETY.
†Authors

contributed equally

(See appendix for permission license)
This project was a collaboration with Dr. Pappish’s group at the University of Alabama,
Dr. Webster group at the Mississippi State University, and Dr. Reinheimer group at Rigaku
Oxford Diffraction. Roberta R. Rodrigues performed and analyzed photocatalysis reactions and
measured CVs. Sanjit Das synthesized catalysts. Robert W. Lamb performed all computational
analysis, and Fengrui Qu solved crystal structures.

ABSTRACT:
Five ruthenium catalysts described herein facilitate self-sensitized carbon dioxide
reduction to form carbon monoxide with a ruthenium catalytic center. These catalysts include four
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new and one previously reported CNC pincer complexes featuring a pyridinol derived N-donor
and N-heterocyclic carbene C-donors derived from imidazole or benzimidazole. The complexes
have been characterized fully by spectroscopic and analytic methods, including X-ray
crystallography. Introduction of a 2,2'-bipyridine (bipy) co-ligand was necessary to forego an
initial induction period prior to catalysis. [(CNC)Ru(bipy)(CH3CN)](OTf)2 is among the most
active and durable photocatalysts in the literature for CO2 reduction without an external
photosensitizer. The role of the structure of this complex in catalysis is discussed, including the
importance of the pincer's phenyl wingtips, the bipyridyl ligand, and a weakly coordinating
monodentate ligand.

INTRODUCTION
The efficient and selective photocatalytic conversion of carbon dioxide to a usable fuel
remains a grand challenge.41 The addition of an oxygen bearing group to CNC pincer ligands
(Figure 13) has been transformative for both ruthenium and nickel catalyzed carbon dioxide
reduction.42 We previously reported a ruthenium(II) (4)42a, 43 and a nickel(II) complex (5)42b that
catalyze CO2 reduction in the presence of a photosensitizer (PS, e.g. Ir(ppy)3 where ppy = 2phenylpyridine) and sacrificial donors (SDs: triethylamine (TEA) and 1,3-dimethyl-2-phenyl-2,3dihydro-1H-benzo[d]imidazole (BIH)). Catalyst (4) selectively generates CO for 40 h (turnover
number (TON) = 250), whereas the unsubstituted analog, with H in place of the methoxy group,
is inactive.42a The oxygen bearing groups in both 4 and 5 lower the redox potentials such that the
thermodynamics are favorable for both electron transfer from the PS to the catalyst and from the
catalyst to CO2 at the first reduction potential.42 Thus, visible light is able to provide the driving
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force for these reactions. However, one drawback is that a precious metal photosensitizer (PS, e.g.
Ir(ppy)3) is needed for light harvesting. In this work, we demonstrate that with a change to the
ligand scaffold, CO2 reduction without an additional PS is feasible and can produce quantities of
CO comparable to the sensitized reactions. Such self-sensitized visible light driven mononuclear
complex-driven CO2 reduction reactions have been rare in the literature with limited ligand
scaffolds featuring Ir, Re, Ru, and Fe catalytic centers.44 We do note that numerous examples of
exciting work in the area of visible light photosensitized CO2 reduction catalysis exist with several
reviews articles available;41b-d, 45 however, this manuscript is written with a focus on self-sensitized
reactions using visible light and mononuclear catalysts. The work herein provides an unusual
example of a ruthenium-based photocatalyst system with exceptionally high performance for CO2
reduction.
This work:
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Figure 13. Self-sensitized (1-3) and prior photosensitized (4-5) complexes tested for light driven
CO2 reduction.
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Our prior report on photosensitized catalysis with 4 showed only trace reactivity in the
absence of a photosensitizer during the time period monitored.42a We hypothesized that an
expanded ligand π-system with benzimidazole (in 3 cf. imidazole in 4) derived NHC rings could
increase the intensity of charge transfer bands, shift light absorption to lower energy, and lead to
a photocatalyst. Altering the wingtip substituents of 3 leads to 1 with phenyl groups, which
provides a method for increasing steric bulk to limit catalyst-catalyst interactions. Complexes 2A
and 2B add a 2,2'-bipyridine (bipy) ligand46 to the coordination sphere in place of monodentate
ligands in 1. The bidendate bipy ligand is predicted to increase catalyst stability and accept electron
density during a metal-to-ligand charge transfer (MLCT) event more so than the pincer ligand.44b
Given the stronger electron accepting ability of pyridine vs. NHC ligands, a red shift is expected
to enable broader visible light use. Complexes 2A and 2B differ by either the incorporation of a
Cl- or a MeCN ligand, respectively. Given the lability of MeCN ligands, 2B is predicted to be a
faster catalyst due to the easy opening of a free catalytic site.

RESULTS AND DISCUSSION
Synthesis: The synthesis of the pincer ligand of complex 1 starts with a Buchwald-Hartwig
coupling between 2,6-dibromo-4-methoxy-pyridine and N1-phenylbenzene-1,2-diamine followed
by imidazole ring cyclization with triethylorthoformate (Appendix, Scheme 6).47 Dichloro(pcymene)ruthenium(II) dimer was then used to metallate the ligand to give 1 in 22% overall yield.
Attempts to synthesize complex 2A from 1 through addition of bipy resulted in either a mixture of
2A and 2B under thermal conditions or a complex reaction mixture under photolysis conditions.
However, complex 2A was successfully synthesized by modifying a literature procedure and
treating (bipy)RuIVCl4 with the pincer precursor followed by reduction to RuII (Scheme 3).48
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Complex 2B was obtained by salt metathesis upon treating 2A with silver triflate in acetonitrile
(Scheme 3). Complex 3 was synthesized in a manner similar to that described previously for
complex 4 (Appendix, Scheme 8).42a

Crystal Structures: The crystal structures for complexes 1, 2A, 2B, and 3 are shown in Figure
14. The bond distances and angles are similar to that observed for complex 4 and for other related
CNC pincer complexes of ruthenium (Appendix, Table 21 & 22, Figure 60). The benzimidazole
derived NHC rings in 1-3 feature slightly shorter Ru-C distances vs. the imidazole derived NHC
in 4 (average = 2.039(6) Å in 1-3 vs. 2.062(3) Å in 4, respectively). This is likely due to
benzimidazole having an electron withdrawing effect (cf. imidazole) that enhances the Ru-C 
back-bonding.49 The Ru-N (acetonitrile) distance in 2B (2.094(6) Å) is elongated relative to 1
(average = 2.032(8) Å), and suggests a more labile acetonitrile in 2B. Notably, the C-O distance
of 1, 2A, 2B, and 3 is contracted relative to a C-O single bond (average = 1.346(9) Å vs. ~1.42 Å,
respectively), indicating that the methoxy group acts as a -donor. Furthermore, the pyridine ring
is partially de-aromatized with long and short C-C distances with the greatest differences in C-C
bond lengths being ~0.03 Å. Thus, the O-donor appears to alter the electronics of the pyridine ring.
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Figure 14. Molecular diagrams of complexes 1, 2A, 2B, and 3 based on crystallographic data with
hydrogen atoms and counter-anions removed for clarity. Thermal ellipsoids are drawn at the 50%
probability level.
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Scheme 3: The bis benzimidazolium salt 1d is used to synthesize complex 2A, Ru-[
(bipy)Cl]triflate

which

is

then

converted

to

2B,

Ru-[{BIm(Me)-py(4-OMe)-

BIm(Me)}(bipy)(CH3CN)]ditriflate. The reagents used are as follows: a) Ru(bipy)Cl4, ethylene
glycol,

saturated

aqueous

NH4Cl

solution;

b)

zinc

granules,

ethanol;

c)

silver

trifluoromethanesulfonate, acetonitrile.
UV-Vis Spectroscopy and Electrochemistry: With complexes 1, 2A, 2B, and 3 in hand, the
suitability of these complexes for the photocatalytic CO2 reduction with BIH as a sacrificial
electron donor was probed by UV-Vis absorption spectroscopy and electrochemical analysis
(Figures 15, Appendix Figures 61-71; Table 5). UV-vis spectra show that the change from
imidazole to benzimidazole derived NHC ligands (in 4 vs. 3) results in a 12 nm red-shift in the
lowest energy absorption feature. This feature is a broad peak for 3 with a molar absorptivity of
7600 M-1cm-1, which is more intensely absorbing than the low energy transition at 6400 M-1cm-1
for 4. Changing the wingtip methyls (3) to phenyls in complex 1 led to very similar electronic
spectra in terms of the wavelength absorbed and the molar absorptivity. Replacement of the MeCN
ligands of 1 with bipy leads to a longer wavelength absorption (24 nm comparing 2A to 1), which
may be attributed to a new MLCT event to the bipy ligand. Finally, removal of the chloride and
replacement with MeCN to give 2B from 2A gave a blue-shift; however, 2B still has significant
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light absorption in the visible spectrum. Computationally, the assertion that 2A and 2B have
MLCT events involving the electron transfer to the bipy ligand is supported by the presence of a
metal-based HOMO and a bipy ligand based LUMO for 2B (Figure 16). This differs from complex
1 which shows the LUMO positioned primarily on the pyridine ring of the pincer ligand.

Figure 15. Electronic spectra for each complex in MeCN.

Figure 16. Frontier molecular orbitals for 1 and 2B calculated at the SMD-PBE0/BS1 level (see
the Appendix for detail).
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Electrochemical studies on complexes 1-4 were conducted under N2 and CO2 atmospheres
(Table 5, Appendix Figures 62-71). Via cyclic voltammetry (CV) under N2 both of the bipy
complexes, 2A and 2B, show two reductions within the solvent window while the remaining
complexes show just one reduction. All of the reductions were irreversible with complex 1 being
the easiest to reduce at -1.95 V versus Fc+/Fc. Substitution of monodentate ligands (in 1) with bipy
led to a slightly less negative reduction potential for 2A and 2B (-1.85 V to -1.90 V). Replacement
of the phenyl group wingtips with methyl groups led to significantly more negative reduction
potentials at -2.15 V for 3 and -2.30 V for 4. Differential pulse voltammetry (DPV) was also
conducted on these complexes under N2 and the results are in close agreement to the onset
potentials observed with CV (Appendix, Figures 63-71). Under CO2, the reduction potential onset
does not change dramatically for any of the complexes. A current enhancement was observed for
all of the catalysts at the first reduction peak under CO2 when compared with N2. The catalytic rate
(kcat) for CO2 reduction is proportional to (icat/ip)2 where icat and ip are the currents observed under
CO2 and nitrogen, respectively.50 Through this estimate (Table 5), electrocatalytic CO2 reduction
rates increase in the following order: 1 < 2A < 2B < 3 << 4.
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Table 5: Electronic spectral features and electrochemical redox potentials for 1-4.

Cat

a

E(S/S-)
max  (M-1 E(S/S-) N2 E(S-/S2-)
CO2 (V)a, (icat/ip)2
a
b
N2 (V) c
(nm) cm-1) (V)

1

428

7300

2A

452

9800

2B

410

8500

3

417

7600

4

405

6400

-1.95,c
-2.16d
-1.90,c
-1.97d
-1.85,c
-1.94d
-2.15,c
-2.26d
-2.30,c
-2.35d

n/a

-1.80

-2.15,c
-1.90
-2.18d
-2.15,c
-1.85
-2.16d

2.0
2.8
3.7

n/a

-2.10

7.8

n/a

-2.20

21.4

E(S/S-) is the first reduction potential. bE(S-/S2-) is the second reduction potential. cFrom
cyclic voltammetry reduction onset. See SI for example illustrations of how onset was
determined. dDifferential pulse voltammetry peak potential. These are peak values. See Appendix
for voltammograms.
Photocatalysis: Having found that electrochemical CO2 reduction occurs in the presence of
catalysts 1-4, these catalysts were next tested under photocatalytic reaction conditions.
Remarkably, complexes 1-4 are catalysts for self-sensitized visible light driven CO2 reduction to
CO (Figures 18 and 19, Table 6). All photocatalysis experiments reported herein were performed
with TEA and BIH as sacrificial donors in anhydrous acetonitrile with no added PS, and quantified
via GC (see Appendix for details). In terms of durability, catalyst 2B was found to be the most
durable at 55 TON over a 20 h irradiation period before ceasing CO production. To test for the
presence of a heterogeneous catalyst, mercury was added to a photocatalytic reaction with 2B and
there was no significant difference in catalyst performance (Appendix, Figure 76).42b This
suggests 2B is a homogenous catalyst, although we note that proving homogeneity is challenging.51
The remaining complexes were found to have TON values in the following order under
identical conditions: 2B > 4 > 2A > 3 > 1 ranging from 55 to 8 TON (Figure 17, Table 6). The
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high performance from 4 is surprising given our previously reported results.42a This result can be
better understood by analyzing the initial turnover frequency (TOF) values at 20 min which range
from 8.3 h-1 to 0 h-1 (inactive) and decrease in the following order: 2B > > 2A > 1 = 3 = 4 (Figure
17, Table 6). Interestingly, this order changes when the maximum TOF values observed are
analyzed with: 2B > 1 > 2A > 4 > 3. Precatalysts 1, 3, and 4 have significant induction phases,
with catalysis beginning after 1-20 h (beginning defined as >1 TON). We note that this could be
indicative of either formation of an active catalyst through ligand substitutions or though the insitu formation of a PS upon irradiation of 1, 3, and 4. Precatalysts 1 and 3 ultimately reach 8 and
12 TON of CO and are durable for 22 and 95 h, respectively, and thus both perform sluggishly
even after activation (Table 6). Precatalyst 4 has the slowest initial rate, but after activation
catalysis continues for 200 h producing the second highest TON value (45) before catalysis ceases.
In contrast, no induction period is observed for 2A and 2B, and Figure 18 shows an expanded
view of the early time points from Figure 17. These early data points for the first hour show a
constant rate of CO production apparent from a linear fit with an R 2 value of > 0.99 and a zero
intercept (Figures 17 and 18). No change in slope occurs until catalyst death after several hours
for these complexes. Thus, 2A and 2B are likely true catalysts.
During the photoreaction of 1 and 3, a white precipitate was observed to form after
extended reaction times with CO production. We reasoned this white solid could be accumulation
of carbonate from a disproportionation reaction of 2 CO2 molecules to CO and CO32-. Through the
use of 13CO2, 13CO32- could be observed in these reactions by 13C NMR (Appendix, Figure 73).
The white solid certainly attenuates the photon flux reaching 1, thus photocatalysis experiments
were performed without stirring to allow the solids to settle. With this protocol, the TON and TOF
values increased significantly from 8 and 1.1 h-1 with stirring to 33 and 7.0 h-1 without stirring.
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Table 6: Comparison of catalyst performance using new complexes 1-4 and literature benchmarks
6-12.
TOF (h-1) TOF
@20 min (h-1)
maxa
0.1 mM 8
0.0
1.1
0.1 mM 33
0.0
7.0
0.1 mM 15
0.6
0.7
0.1 mM 55
8.3
8.3
0.1 mM 158
2.0
7.0
1.0 nM 33,000 250
250
0.1 mM 12
0.0
0.2
0.1 mM 45
0.0
0.5
0.1 mM 14
11.2
15.9
0.1 mM 32
31.6
31.6
0.1 mM 3
3.2
3.2
0.1 mM 97
96.7
96.7
0.5 mM 80i
24.1i
24.1i
j
i
0.1 mM 20
1.5
0.2i
i
2.0 μM 101
1.4
1.4i
0.9 mM 48
12
40 μM 160i
14.5h
14.5

ent Cat. conc.
ry
1
2c
3
4
5c,d
6
7
8
9f
10f
11f
12g
13h
14h
15h
16h
17h

1
1
2A
2B
1
2B
3
4
6e
7e
8e
8e
8e
9e
10e
11e
12e

TON
(CO)

CO (%)b
0.4 x 10-1
9.1 x 100
0.2 x 10-1
2.6 x 10-1
19.3 x 100
5.4 x 10-5
0.1 x 10-1
0.2 x 10-1
4.8 x 10-1
10.2 x 10-1
1.0 x 10-1
26.6 x 10-1
-

a

TOF values were calculated from the fastest reaction rates observed over a 1 hour period
of photocatalysis. bCO is calculated using a full spectrum solar simulator at 1 sun irradiation
intensity, not an isolated wavelength with reduced photon flux as is sometimes reported. CO is
reported as the highest value observed between two timepoints. cWithout stirring. d1 equivalent of
bipy added relative to the complex. e6 = Re(bipy)(CO)3Br44c, 44d; 7 = Re(pyNHCPhCF3)(CO)3Br44b, 44f; 8 = [Ir(ppy)(terpy)Cl]+;44a 9 = [Ir(terpy)(bipy)Cl]2+;44g 10 = Fe-p-TMA;44e,
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11 = Re(bipy)(CO)3Cl;44h 12 = [Ru(terpy)(pqn)(MeCN)]2+.53 See Appendix for a figure of
catalyst structures (Appendix, Figure 79). fThese entries use the benchmark catalysts under the
same conditions as entries 1-5. gThis entry uses the conditions reported in the manuscript with a
solar simulated spectrum as the irradiation source. hThese entries are reported with the highest
values observed in the referenced reports of these catalysts. The conditions vary significantly from
those in our manuscript in many cases, especially with regard to irradiation wavelengths and filters
which can have dramatic effects.54 iEstimated from data in the manuscript. jValue is for HCO2-.

As mentioned previously, catalysts 2A and 2B have initial TOF values matching the
maximum TOF values (Table 6). This suggests that they enter the catalytic cycle by a facile
process such as MeCN dissociation in the case of 2B. Since no induction period is observed for
these catalysts a pincer or bipy ligand dissociation process is highly unlikely. 2B significantly
outperforms 2A both in terms of durability (55 vs. 15 TON) and rate (8.3 vs. 0.6 h-1 TOF). This
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illustrates that chloride removal greatly enhances self-sensitized catalysis (2B vs. 2A).
Presumably, the acetonitrile ligand in 2B is more labile than a chloride and can be more easily
displaced during the catalytic cycle. It appears that the bipy co-ligand is needed for self-sensitized
catalysis without an activation period which may be due to a difference in the MLCT state as
suggested by the UV-Vis absorption data above. Catalyst 1 differs from 2A in only a bipy ligand
substitution for two acetonitrile ligands, and during synthesis some of 2A and 2B is observed upon
mixing 1 with bipy. Therefore, an experiment was conducted with 1 and added bipy in the reaction
mixture without stirring. In this case, a TON value of 158 could be observed and the catalyst is
active from the earliest time points (in contrast to 1 alone). This combination does increase activity
with time (from 2.0 to 7.0 h-1), presumably due to a slow displacement of monodentate ligands in
1 for bipy, and ultimately reaches a similar maximal TOF to 2B. Interestingly addition of more
than 1 equivalent of bipy resulted in diminished reactivity to 10 TON and a TOF of 0.3 (see
appendix, Table 26). We do note that from the synthetic attempts to make 2A from 1 and bipy
under irradiation the result is a mixture of complexes with the exact structures of the active
catalyst(s) unknown. However, the disappearance of an induction period and a significant increase
in quantum yield (see discussion below) suggests the species formed is the active catalyst and that
a discrete photosensitizer is likely not present. In all cases, after irradiation the photocatalytic
activity is found to stop after 150 h and in the case of 2B, catalytic activity ceases abruptly at 16 h
even though ample BIH, TEA, and CO2 remain (see Appendix Figure 77 for an NMR of a
completed reaction with 2B showing BIH remaining).
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Figure 17: Catalyst TON versus time plot for CO production from 1-4. Reactions are run after
vigorous bubbling with CO2 for 15 minutes with 0.2 μmol catalyst, and 0.2 mmol BIH in 2 mL of
a 5% TEA/MeCN solution. Solutions are irradiated with a solar simulated spectrum set to 1 Sun
(150 W Xe lamp, AM 1.5G filter).

Figure 18: Catalyst TON versus time for the first hour of CO production.
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Quantum Yields for CO Production: The quantum yields of these reactions were estimated
during the maximum TOF period within at least a 20 min time period via the equation: CO =
[(number of CO molecules x 2)/(number of incident photons)] x 100%, where CO is the quantum
yield for CO production and a factor of 2 is used to account for two electrons needed to reduce
CO2 to CO.55 Using this method, catalyst 2B shows approximately an order of magnitude higher
CO than the remaining complexes at 0.26 % vs. 0.04-0.01%. The more efficient use of photons by
2B relative to the other complexes highlights the importance of each catalyst structural change
from 4 to 2B with the exchange of the chloride atom for a more labile MeCN ligand being critical
(0.02% CO for 2A vs. 0.26% CO for 2B). Interestingly, a high quantum yield of 19.3% is observed
for the reaction employing 1 with 1 equivalent of added bipy. Importantly, quantum yields in
excess of ~1 x 10-2 are often indicative of mononuclear photocatalysts at this concentration since
PS based systems commonly show lower quantum yields.55
Comparison to Literature Catalysts: Under identical conditions, 2B was found to be a more
durable catalyst than the high performance literature benchmarks Re(bipy)(CO)3Br (6),
Re(pyNHC-PhCF3)(CO)3Br (7), and [Ir(ppy)(terpy)Cl]+ (8) when tested in our laboratory (Table
2, entries 3, 7-9). A near doubling of TON values is observed compared to the next highest
performing catalysts tested with 2B at 55 TON versus 32 TON for 7. The TOF values were found
to be lower for 2B relative to rhenium-based complexes 6 and 7 (8.3 versus 11.2 and 31.6,
respectively). CO measurements show a similar trend when 2B, 6, and 7 are compared with values
of 2.6 x 10-1, 4.8 x 10-1, and 10.2 x 10-1 observed, respectively. Iridium complex 8 was found to
perform substantially lower under identical conditions in terms of TON, TOF, and CO. The
conditions employed in this manuscript differ in SD choice with 2B using BIH/TEA and 8 using
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triethanol amine (TEOA) in the original report. Holding all conditions constant and replacing the
BIH/TEA SD with TEOA, complex 8 is observed to regain a high performance similar to that
reported in literature with 97 turnovers and a TOF of 97 h-1. This observation serves to highlight
that conditions have a very large impact on catalyst performance43 and thus direct comparisons of
catalyst structure with performance are best made under identical conditions, as in Table 6, Entries
1-11.
However, an expanded comparison to catalysts under different conditions does have merit
in that practically a system that maximizes TON, TOF, and CO is desired. Thus, a comparison to
literature observed values is shown in Table 6, entries 13-17 which are under different conditions.
The comparison in Table 6 for the complexes 6-12 has been limited to the basic parent
homogeneous complexes for mononuclear catalysts and to only photocatalysts using visible light
to avoid an excessive number of entries. However, we note that many interesting additional
examples exist with mononuclear, visible light driven, homogenous photocatalysts (see reviews41b,
45d, 45e, 56

with ligand derivatives demonstrating TON values of up to 530 at 0.5 mM are

obtainable.54
When comparing addition catalysts under varying conditions, one of the most important
parameters to assess is concentration since this has been observed in several instances to have a
dramatic effect on TON, TOF and CO in literature and with 2B as is discussed below.57 As reported
in literature,44a 8 at 0.5 mM shows estimated TON and TOF values of 80 and 24.1 h-1 which are
higher than the values for 2B at 0.1 mM. Iridium complex 9 is a structural analogue of 8 with a
different charge (2+), and is reported to give 20 turnovers of formate and only 2 turnovers of CO
at the same concentration as our studies with 2B.44g
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Recently, Fe-porphyrin complex 10 has gained significant attention as a photocatalyst with
TON and TOF values of 101 and 1.4 reported at 2.0 μM concentration.44e, 52 The TON value is
higher than we observe with 2B, although we note 2B has a considerable higher TOF and the study
with 10 was done at significantly lower concentration. The original report on the first visible light
driven mononuclear homogenous photocatalyst (11), which is now a ubiquitous benchmarking
standard in the literature, was done at a similar concentration and shows slightly fewer TONs than
2B but with a slightly higher TOF than 2B.44h Very recently after our work was submitted,
[Ru(terpy)(pqn)(MeCN)]2+ at 40 M was shown to self-sensitize CO2 reduction producing 160
TON of CO with BIH as the sacrificial donor in DMA/H2O solvent, which appears to be the first
report of a mononuclear, visible light driven, homogenous Ru CO2 reduction catalyst.53

The Effect of Catalyst Concentration on Photocatalysis: The above comparisons to literature
have several variables changed, and concentration is a critical variable when analyzing
homogenous photocatalytic reactions. A reduction in catalyst concentration can often significantly
increase catalyst durability by reducing catalyst-catalyst interactions and is potentially a good
indicator of how a catalyst may perform when immobilized.57a, 58 Additionally, low concentration
experiments also allow probing of mechanistic pathways. Bimolecular mechanistic pathways are
known in which one complex acts as a photosensitizer and the second as a catalyst.59 This pathway
access is reduced at very low concentration as we have previously shown.57b Since the two highest
TON values in literature were reported at much lower concentrations than our original studies with
2B, an experiment on the effects of diminished concentration on the performance of 2B was
conducted. Accordingly, the catalyst concentration was dramatically reduced to 1 nM to analyze
the lowest concentration anticipated to provide significant CO amounts needed for accurate
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detection. For 2B, we observe 33,000 TON (TOF = 250 h-1) at 1 nM concentration (Appendix,
Figure 75). The reason for this significant increase in TON and TOF at low concentration can be
explained at least in part by an increased number of photons available throughout the solution. At
higher concentrations, significant loss in transmission is evident before and during the reaction
with as little as 10% transmittance at ~425 nm (Appendix, Figure 80). This indicates that at 0.1
mM photons are not in large excess throughout the reaction, whereas at 1 nM transmittance is
measured at >95% during the entire reaction time. Notably, the CO value diminished dramatically
(5.4 x 10-5 versus 2.5 x 10-1) as is expected with a lower amount of chromophore to absorb photons.
Recently, low concentration studies are appearing more commonly in literature and provide
a method to demonstrate catalyst performance with photons in large excess and catalyst molecules
isolated from one another by solvent. For the case of a practical system where SDs are eliminated
and CO2 reduction catalysts are coupled with oxidative catalysts, a promising direction is to use
surface bound molecular catalysts in photoelectrochemical cells.60 In literature reports of such
systems, catalysts are immobilized, and TON values show dramatic increases when the surface
bound system is compared with high concentration homogenous studies. 61 Low concentration
homogeneous studies could likely become a key parameter in catalyst selection for immobilization.
To the best of our knowledge, the TON and TOF values observed herein are record setting for a
mononuclear photocatalyst driving CO2 reduction. The expansion of comparison to other
conditions shows that catalyst 2B has comparable performance to the best self-sensitized catalysts
at high concentration (0.1 mM) and exceptional performance at low concentration (1.0 nM). This
indicates that 2B is unusually robust and high performing among mononuclear visible light driven
systems, and 2B serves as the second example using ruthenium and visible light to reduce CO2.
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Comparing Photocatalysis to Other Methods of CO2 Reduction: In general, when comparing
these reactions to other CO2 reduction methods, homogeneous photocatalytic CO2 reduction
proceeds at significantly slower reaction rates than are commonly observed for electrocatalysis
and thermal based approaches to CO2 reduction. However, we stress that studies within the
homogenous photocatalysis field are analyzing half reactions with sacrificial electron donors and
are not predictive for rates in future large scale practical applications which will likely exclude
reagents such as BIH, TEA, and MeCN due to cost constraints. Rather, practical applications will
likely be restricted to water as both the solvent and the source of electrons. Importantly, the choice
of electron donor can have a profound influence on rates and even product distributions obtained
from CO2 reduction.43 Significant caution is warranted in comparing reaction rates between
different systems where the rate in question could be more dependent on the sacrificial donor rather
than on CO2 bond cleavage. Nonetheless, studies of these half reactions with sacrificial donors
allow for the rapid analysis of catalyst durability. Several examples are discussed above which
were heterogenized onto semiconductors to produce faster reaction rates and increased durability.
There is certainly appeal in studying homogenous catalysis as it allows for rapid access to
simplified systems where modifications lead to predictable changes for trend establishment in
many cases. Since immobilization onto an electrode surface results in significantly higher
durability in many cases, low concentration studies limiting catalyst-catalyst interactions with
excess photons present are desirable to get a reasonable prediction in a simplified system as to how
the catalyst will behave in a more practical setting.
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CONCLUSION
In conclusion, four Ru-complexes were synthesized, characterized, and studied in the
photocatalytic reduction of CO2 reaction. Through structure-function analysis, it was found that
phenyl wingtip pincer complexes with benzimidazoles were more active in this reaction relative
to methyl wingtip imidazole analogues. The incorporation of a bipy ligand into the catalyst design
proved critical to circumventing a lengthy activation process. Incorporating all of these design
elements into [(CNC)Ru(bipy)CH3CN)](OTf)2 (2B) led to one of fastest and most durable
photocatalysts known. Catalyst 2B is among the most active catalysts in the literature for selfsensitized

CO2

reduction,

and

further

mechanistic

studies

and

incorporation

into

photoelectrochemical cells present an exciting opportunity for harnessing solar energy to produce
solar fuels.
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CHAPTER 5
5.1 THE PHOTOCATALYTIC REDUCTION OF CO2 TO CO AND FORMATE: DO
REACTION CONDITIONS OR RUTHENIUM CATALYSTS CONTROL PRODUCT
SELECTIVITY?

Adapted with permission from Roberta R. Rodrigues,; Chance M. Boudreaux,; Elizabeth T.
Papish,; and Jared H. Delcamp; ACS Appl. Energy Mater. 2019, 2, 37
. Reproduced by permission of THE AMERICAN CHEMICAL SOCIETY.
(See appendix for permission license.)

This project was a collaboration with Dr. Pappish’s group at the University of Alabama and Dr.
Delcamp. Roberta R. Rodrigues collected and analyzed all the data for this manuscript. Chance
M. Boudreaux synthesize the catalysts.

ABSTRACT
The photocatalytic reduction of CO2 can generate a number of products with CO and
HCO2- being two of the most commonly observed. Frequently, the selective formation of one of
these products is presumed to be the result of catalyst design. However, several common variables
are present when exploring the photocatalytic CO2 reduction reaction. In order to better understand
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the origin of selectivity in this reaction, the choice of solvent, electron and proton source,
photosensitizer (PS), and catalyst were evaluated in photocatalytic CO2 reduction reactions.
Intriguingly, highly selective catalysts for CO or HCO2- under one set of conditions can be
transformed by these environmental choices into becoming highly selective for the opposite
product while retaining high turnover numbers. This highlights the importance of carefully
considering reaction conditions before ascribing catalyst selectivity to an inherent molecular
design property.
INTRODUCTION
Solar-to-fuel conversion is an attractive way to produce renewable, clean fuels from abundant
CO2.62 A number of products may be formed during the catalytic reduction of CO2.63 An
understanding of photocatalytic reactions that can drive and control product distributions with
visible light is critically needed to enable the rational design of practical solar-to-fuel systems.
Ideally, solar energy could be used to power a water oxidation catalyst coupled with a carbon
dioxide reduction catalyst for a sustainable fuel generating energy conversion process. Controlling
the product selectivity for the CO2 reduction reaction to give a single product is desirable. Thus,
studies focusing on this half reaction by employing sacrificial electron donors (SEDs) to simplify
catalytic systems are warranted in order to more rapidly identify highly selective, efficient CO 2
reduction systems.
Most commonly, homogeneous catalysts in photocatalytic CO2 reductions produce
CO or HCO2- as the primary products.41b, 64 Often selectivity for these products is rationalized as
catalyst controlled with research focusing on catalyst design as a primary method of product
selectivity control. However, a myriad of conditions are commonly used in homogenous
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photocatalytic CO2 reduction reactions including selection of: (1) a CO2 solubilizing solvent such
as N,Ndimethylformamide (DMF) or acetonitrile (MeCN), (2) electron and proton sources such as 1,3dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (BIH), triethylamine (TEA), 1-benzyl-1,4dihydronicotinamide (BNAH) or water, (3) a photosensitizer (PS) such as Ir III(ppy)3 or
[RuII(bpy)3]2+ (where ppy is 2-phenylpyridine and bpy is 2,2’-bipyridine), and (4) a number
catalyst designs. Understanding which catalysts from the literature are selective for CO versus
HCO2- formation becomes challenging if any of these components induce a significant CO2.
In order to use literature reports to rationally design next generation catalyst systems that
are highly selective, an understanding of how each component affects selectivity is needed. To
probe the influence of each component two ruthenium precatalysts were selected from the
literature which are reported to be selective for formate in the case of [Ru II(bpy)2(CO)2]2+ and
selective for CO in the case of [RuII(CMeNOMeCMe)(MeCN)2Cl]+ (referred to as [RuII(CNC)Cl]+
below) under the photocatalytic reaction conditions analyzed (Figure 19).41b, 65 For each catalyst,
the solvent, photosensitizer, and proton and electron sources were varied systematically to
elucidate the effect of each component on CO versus HCO2- selectivity.
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Figure 19. Catalysts (top), PSs (middle) and SEDs (bottom) used in these studies.

EXPERIMENTAL SECTION

Photocatalysis General Information: A neutral white light LED (Thorlabs, MNWHL4, color
temperature 4900K) mounted with a collimation adaptor (Thorlabs, SM2F32-A, Lens: Thorlabs,
ACL50832U-A, with anti-reflective coating range 350-700 nm) was used as the light source for
the photocatalytic experiments. The photocatalytic reaction vessel was set at a distance equaling 1
sun intensity across the white light emission range (380-750 nm) which was determined by using
a power meter and a xenon lamp solar simulator measured at 1 sun intensity prior to placing a band
pass filter (from 380-750 nm) and measuring the power output. The reaction vessel was then placed
at a distance from the LED to which the solar simulator power output through the band p ass filter
matched. Calibration experiments were performed with [RuII(bpy)2(CO)2]2+, [RuII(bpy)3]2+, BIH,
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TEA, and DMF to show results within ±2% turnover number (TON) values for the LED system
when compared to unfiltered solar simulator measurements. Head space analysis was performed
using a gas tight syringe with stopcock and an Agilent 7890B gas chromatograph equipped with
an Agilent PorapakQ 6ft, 1/8 O.D. column. Quantitation of CO and CH4 were made using an FID
detector with the gasses passing through a methanizer, while H2 was quantified using a TCD
detector (see Appendix Table 26 for H2 production values). All reported values are the average of
two experiments typically within ± 5%. The lines added to the TON versus time plots are only to
aid the eye in tracking data points and are not intended to imply any additional information. All
calibrations were done using standards purchased from BuyCalGas.com. For all experiments
involving N,N-dimethylformamide (DMF), the DMF was freshly distilled by discarding the first
20% of the initial volume during vacuum distillation, and then changing flasks to a flame dried
round bottom flask for the next 60% of the original volume (500 mL typically) which was used in
the photoreactions. The solvent was stored out of light, in the freezer under N2 and used within 23 weeks. All experiments with DMF were also ran under N2. All background reactions were
minimal and were subtracted from the values obtained under CO2. Acetonitrile (MeCN) was
freshly distilled prior to use.

Example Photocatalysis Procedure: BIH (0.05 g, 0.2 mmol), MeCN (6.0 mL), and catalyst (0.2
ml from a 1 × 10-3 M in MeCN solution) were added to a 17 ml Pyrex test tube. The solution was
bubbled vigorously with CO2 for at least 15 minutes until the solution volume reached 1.9 mL and
then 0.1 mL of degassed TEA was added to the mixture. For reactions involving water, 0.2 mL of
H2O was added to the reaction mixture prior to the reaction mixture being degassed with CO2. The
reaction vessel was sealed with a rubber septum and irradiated with a neutral white collimated
LED.
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Cyclic Voltammetry Procedure and Instrumentation: A CH Instruments electrochemical
analyzer (CHI-600E) was used to conduct cyclic voltammetry (CV) measurements in the presence
of Ag/AgCl as the reference electrode, platinum as the counter electrode, and glassy carbon as the
working electrode with 0.1 M n-Bu4NPF6 as the supporting electrolyte. CVs were done in MeCN
and DMF as solvent and referenced against ferrocenium/ferrocene (Fc+/Fc). For each experiment
concentration of catalyst was kept constant at 1 mM. Before each measurement, the solution was
degassed with Ar or CO2 (for ~15 minutes). To avoid concentration changes for the electrolyte and
catalyst during degassing, the CV experiment was set up at the desired concentration, the solvent
level marked, and then pure acetonitrile (2 mL) was added. The mixture was then degassed with
Ar or CO2 until the solvent evaporated to the original marked volume.

UV-Vis Procedure and Instrumentation: UV−Vis spectra were measured with a Cary 5000
instrument. UV-Vis spectra of [RuII(bpy)2(CO)2]2+, [RuII(CNC)Cl]+, [RuII(bpy)3]2+ and IrIII(ppy)3
were taken in MeCN and DMF.

Emission Curve Procedure and Instrumentation: Emission spectrum were taken on a
PerkinElmer LS55 fluorescence spectrometer. Emission spectra of [Ru II(bpy)3]2+ and IrIII(ppy)3
were taken in MeCN and DMF at 1 mM concentrations after solvents were degassed with N2 for
20 minutes prior to measurements. A photoexcitation wavelength of 455 nm was used for
[RuII(bpy)3]2+, and a photoexcitation wavelength of 495 nm was used for Ir III(ppy)3. The sealed
cuvette containing the samples was then degassed further with a balloon of N2 for approximately
2 minutes, and the spectra was then taken.
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NMR Formate Detection: This procedure is a modified approach from that used in the

literature.65a, 66 Upon reaction completion, 0.8 mL of the reaction solution was taken into a syringe
and added to a 4 mL vial. The vial was left open for several minutes to allow CO2 to escape in
order to prevent DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) from forming a DBU-CO2 adduct.67
To this solution was added 36 μL of DBU. The mixture was then sonicated for 10 minutes at room
temperature. Next, 1.16 mL of a 1.19 mM ferrocene solution (in d3-MeCN) was added to the
mixture. The vial was thoroughly mixed, and then an NMR spectrum was taken on a 500 MHz or
300 MHz NMR spectrophotometer with an extended D1-delay of 10 seconds and a minimum of
200 scans. The ratio of the formate peak (~8.7 ppm) and the ferrocene peak (~4.2 ppm) were then
compared to a calibration curve as previously reported.65a All NMR spectra were evaluated with
MestReNova software to ensure level baselines in the analyte region prior to integrating peaks.
Formate analysis using this technique requires stopping the reaction. Reactions were deemed
complete once CO production halted since CO production can be monitored real time.

RESULTS AND DISCUSSION

Thermodynamic Considerations: In addition to selecting these precatalysts for this study based
on their reported different product selectivity, each of these catalysts should be amenable to
varying the reaction components while maintaining thermodynamically viable electron transfer
events (Table 7, Figure 20). In each case the thermodynamics of the precatalyst were analyzed
via CV and UV-Vis absorption spectroscopy in both solvents used in this study, MeCN and DMF
(Figures S1-S6). The energetics of catalytic intermediates can be challenging to probe; however,
the suitability of each precatalyst to generate an active catalyst can readily be evaluated via CV
measurements. [RuII(bpy)2(CO)2]2+ was found to generate a catalytic current under CO2
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atmosphere which is not observed when compared with argon in both MeCN and DMF at
approximately -1.90 V versus ferrocenium/ferrocene (Fc+/Fc, Appendix, Figure 82, Table 7).65a
The first reduction potential remains the same under argon and CO2, and the catalytic current
enhancement occurs at a potential between the first and second reduction potential observed under
argon indicating that CO2 likely binds to the Ru-complex after the first reduction. [RuII(CNC)Cl]+
shows a catalytic current enhancement at the first reduction potential under CO2 when compared
with argon at the same potential for both MeCN and DMF (Appendix, Figure 83). Since the
reduction potential is the same under both atmospheres, an electron is likely added first prior to
catalytic activity. This catalytic activity occurs at -2.20 V vs. Fc+/Fc in both MeCN and DMF,
which is about 300 mV more negative than observed for [RuII(bpy)2(CO)2]2+ (Table 7). The
reduction potential of [RuII(bpy)3]2+ in both DMF and MeCN occurs near -1.72 V versus Fc+/Fc
(Table 7, Appendix Figure 84). Given that the electron transfer event from [RuII(bpy)3]1+ to either
precatalyst is uphill in energy,68 the active catalyst is expected to be accessed slower than if a
downhill electron transfer from a reduced photosensitizer were compared if both reduced states
were generated in similar concentrations (Figure 20). Comparatively, IrIII(ppy)3 is significantly
harder to reduce and gives a strongly reducing anion at approximately -2.63 V versus Fc+/Fc in
both MeCN and DMF (Table 7, Appendix Figure 85). Since the electron transfer from
[IrIII(ppy)3]- is significantly downhill to both precatalysts,69 a more rapid generation of active
catalyst is possible although the concentration of reduced photosensitizer in solution must also be
considered. Additionally, the stronger reducing ability of [IrIII(ppy)3]- versus [RuII(bpy)3]+ could
allow for both: (1) access to reduced catalytic intermediates that are inaccessible otherwise, and
(2) for more facile electron transfer events within a photocatalytic cycle if Marcus theory kinetics
are applied.70
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To evaluate the thermodynamics for the generation of the reduced photosensitizers,
emission spectrum of the photosensitizers was taken in both MeCN and DMF (Appendix, Figures
87-88). The excited state reduction potential was estimated from the equation E(S*/S-) = E(S/S-) +
Egopt emis, where E(S*/S-) is the excited state reduction potential, E(S/S-) is the ground state reduction
potential, and Egopt emis is the optical energy gap taken as the onset of emission on the high energy
side (Appendix, Figure 88-89). The E(S*/S-) values for [RuII(bpy)3]2+ and Ir(ppy)3 vary dramatically
by 800-900 mV depending on solvent with [RuII(bpy)3]2+ being significantly easier to reduce
(Table 7, Figure 20). The oxidation potential (E(S+/S)) of the SEDs were measured via CV, and all
SEDs used in this study would transfer electrons downhill to a photoexcited [RuII(bpy)3]2+
regardless of the solvent choice (Appendix, Figure 86). However, only BIH was found to produce
a downhill electron transfer to photoexcited IrIII(ppy)3. The E(S+/S) of BNAH is nearly equal to the
E(S*/S-) of IrIII(ppy)3 indicating electron transfer may be slow from BNAH to Ir III(ppy)3 in DMF.
The analogous electron transfer in MeCN could not be analyzed due to insolubility of BNAH in
MeCN. Having thermodynamically evaluated each component as potentially suitable for the
photocatalytic reduction of CO2, photocatalysis experiments were conducted.
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Table 7. Catalyst, PS and electron source electrochemical and photophysical properties.
Chemical

Solvent

maxabs
(nm)

onsetabs
(nm)a

[RuII(bpy)2(CO)2]2+

MeCN

320

350

[RuII(bpy)2(CO)2]2+

DMF

330

380

[RuII(CNC)Cl]+
[RuII(CNC)Cl]+
[RuII(bpy)3]2+
[RuII(bpy)3]2+
IrIII(ppy)3
IrIII(ppy)3
BIH
BIH
BNAH
TEA
TEA

MeCN
DMF
MeCN
DMF
MeCN
DMF
MeCN
DMF
DMF
MeCN
DMF

403
450
451
454
485
488
-

480
530
550
500
500
505
-

maxemis
(nm)

601
607
541
536
-

E(S/S-) (V,
N2)b
-1.32,c
-2.42c,d
-1.35,c
-2.52c,d
-2.30c
-2.35c
-1.72
-1.71
-2.61
-2.64
-

E(S/S-) (V,
CO2)b

E(S*/S-) E(S+/S)
(V)b
(V)b

-1.90c

-

-1.95c

-

-2.20c
-2.20c
-1.73
-1.72
-2.61c
-2.55c
-

-0.10c
-0.24c
0.00c
0.42c
0.22c

0.53
0.54
0.06
-0.03
-

a

Onset values are measured from the intercept of a tangent line with the x-axis on the lower
energy side of the curve (see SI). b Values are versus ferrocenium/ferrocene. c Irreversible wave
onset (see SI). d Second reduction potential.

Figure 20. Energy level diagrams based on cyclic voltammetry and optical properties of the
catalysts, PSs, and SEDs in MeCN (left) and DMF (right). The range for the standard reduction
potential of CO2 is dependent on pKa with the lower energy value taken as the standard potential
at pKa ~0 and the upper limit defined by the estimated pKa of carbonate (~13) in MeCN and DMF.71
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Solid lines are ground state and excited state reduction potentials under argon, long dashed lines
are reduction potentials under CO2, and short dashed lines are oxidation potentials.

Solvent, Proton and Electron Source Influence: For each variable analyzed (proton and electron
sources, photosensitizer, and catalyst), solvent effects on reactivity are analyzed between MeCN
and DMF. MeCN and DMF are classic solvents for the photocatalytic reduction of CO2 with
organic solvent soluble molecular catalysts due to CO2 and charged salt species, such as those
formed during electron transfers, having high solubilities. First, electron and proton sources were
analyzed by comparing: (1) BIH without an added proton or electron source, (2) BIH with added
water as a proton source, (3) BIH with added TEA as a base and potentially an electron source,
and (4) BNAH with added water. Anhydrous conditions with BNAH were not analyzed due to the
limited solubility of BNAH in the absence of water. BIH has become a popular sacrificial electron
donor due in part to a high-energy oxidation potential allowing for the use of strongly reducing
photosensitizers, and the presence of BIH degradation pathways after electron transfer to reduce
the number of back electron transfer events. TEA has several potential roles in photocatalytic
reactions such as acting: 1) as a base which can deprotonate BIH after electron transfer to
presumably increase the degradation rate of the BIH cation, 2) as an additional electron source,
and 3) as a potential proton source after the TEA cation is generated following an electron
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Table 8. Influence of electron and proton sources on the photocatalytic reduction of CO2
with [RuII(bpy)2(CO)2]2+ precatalyst, [RuII(bpy)3]2+ photosensitizer and either MeCN or DMF.

Entry

H+/e- source

Solvent

Max. CO
TOF (h-1)

CO
(TON)

HCO2(TON)

1
2
3
4
5
6
7

BIH
BIH/H2O
BIH/TEA
BIH
BIH/H2O
BIH/TEA
BNAH/H2O

MeCN
MeCN
MeCN
DMF
DMF
DMF
DMF

57
35
91
22
62
42
62

21
96
40
27
46
51
64

0
177
0
0
71
0
80
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Selectivity
CO HCO2(%)
(%)
100
0
35
65
100
0
100
0
39
61
100
0
44
56

Figure 21. Turnover number graphs showing the influence of electron and proton sources on the
photocatalytic

reduction

of

CO2

with

[RuII(bpy)2(CO)2]2+

precatalyst,

[RuII(bpy)3]2+

photosensitizer and either MeCN (top) or DMF (middle). CO TON versus time graphs for these
same conditions (bottom).
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transfer. BNAH is a weaker electron donor than BIH, which could slow electron transfers and
perhaps favor a particular reaction pathway. Finally, water can play a key role in reactivity with
dramatically different rates of reactivity, which are frequently observed in literature.72 Each of
these components were systematically analyzed in MeCN and DMF reaction solvents to compare
turnover frequency (TOF), TON, and selectivity values.
In MeCN with [RuII(bpy)2(CO)2]2+ as precatalyst, [RuII(bpy)3]2+ as photosensitizer, and
only BIH as an added electron source a maximum of 21 turnovers of CO was observed with no
formate (Table 8, entry 1; Figure 21). This 100% selectivity toward CO production is possibly
due to the absence of a proton source needed to form a metal-hydride intermediate which is often
invoked as a key intermediate in catalytic cycles generating formate.66,

73

This initial result

highlights the control of reaction environment over product selectivity as [RuII(bpy)2(CO)2]2+ is
reported to primarily make formate.65b Addition of water to the reaction mixture dramatically
changed the product selectivity from 100% CO to 65% favoring formate (Table 8, entry 2; Figure
21). Additionally, the catalyst durability was found to dramatically increase to 273 TONs for
carbon reduction products from 21. Interestingly, while the durability of the catalyst significantly
increased, the maximum turnover frequency (TOF) observed for CO production decreased from
57 h-1 to 35 h-1 (Table 7). This could be due to a slower formate generating catalytic cycle
involving a Ru-hydride intermediate. Removal of water and the addition of TEA again gave 100%
CO product selectivity with a dramatic increase in rate to a TOF of 91 h-1 (Table 8, entry 3). The
maximum TON doubling relative to anhydrous conditions without TEA (40 vs. 21 TON); however,
the catalyst still lasts dramatically longer in the presence of water than under anhydrous conditions.
The same set of reaction conditions were evaluated in DMF. Similar TON and selectivity
trends were observed in DMF as in MeCN for no additive, added water, and added TEA (Table 8,
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entries 1-3). TEA was again found in increase durability and rate with 100% CO selectivity relative
to without additive and similar TON values were observed in DMF when compared with MeCN.
The maximum TOF values were found to be approximately cut in half for anhydrous conditions
regardless of the presence or absence of TEA. Comparing experiments with water added in DMF
and MeCN, a significantly lower total TON value was observed in DMF (117 versus 273).
However, the maximum observed TOF in DMF was found to be significantly higher than in MeCN
(62 versus 35 h-1). Finally, a slightly lower selectivity for formate in the presence of water was
observed in DMF (61% versus 65%). These results show reverse reactivities when anhydrous
reactions in MeCN and DMF are compared. Anhydrous reactions in MeCN shows a higher TOF
but lower TON for CO formation than comparable experiments using DMF. But, when water is
present MeCN shows a lower TOF with a higher TON which favors formate production for both
solvents. Overall, the product selectivity is weakly influenced by solvent selection with the most
dramatic effect being based on the presence or absence of water.
BNAH is a weaker reducing reagent compared to BIH (Table 7). Since BNAH is
significantly less soluble in MeCN than BIH, only BNAH in wet DMF was evaluated for
comparison with the analogous BIH experiments (Table 8, entry 7). The TOF for CO was found
to be identical for BNAH and BIH in DMF with water added (62 h-1). A similar durability was
noted, with BIH slightly favoring formate selectivity more than BNAH (61% versus 56%). Overall,
the replacement of BIH with BNAH was found to have little influence on product selectivity in
this case.

Photosensitizer Influence: Having found that water has a strong influence on product selectivity
and catalyst durability, the photosensitizer influence was analyzed in the presence of water (Table
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9, Figure 22). Since the use of BIH in wet solvent with [RuII(bpy)2(CO)2]2+ as the precatalyst
shows a modest selectivity for formate production (65%-61% for the [RuII(bpy)3]2+ photosensitizer
in MeCN and DMF), these conditions were selected for additional analysis with IrIII(ppy)3 as the
PS. The low selectivity allows for the observation of potentially more subtle effects from a
photosensitizer. [IrIII(ppy)3]- is significantly more strongly reducing than [RuIII(bpy)3]1+ and as
such offers potentially faster electron transfer kinetics to catalysts according to Marcus Theory (2.6 V versus -1.7 V versus Fc+/Fc, Table 7). However, the number of reduced photosensitizer
states present in the reaction mixture must also be considered. Emission quenching studies with
both photosensitizers were conducted in MeCN with BIH to probe the amount of reduced PS being
generated (Figures 23, Appendix Figures 91-92). The emission intensity of [RuII(bpy)3]2+ was
found to quench dramatically faster than IrIII(ppy)3 where a BIH reductant concentration 50 mM
gave a near complete quenching of the [Ru II(bpy)3]2+ emission but only reduced the IrIII(ppy)3
emission intensity by less than half (Appendix, Figures 91 and 92). A Stern-Volmer plot was
generated from this data by plotting the ratio of initial emission intensity (F0) to final emission
intensity (F) in the presence of varying BIH concentrations versus BIH concentration (Figure 23).
The quenching of both PS emission was found to be linear of the range of BIH concentrations
examined and the slope of this linear trend gives a Stern-Volmer constant (KSV) of 985 M-1 for
[RuII(bpy)3]2+ and 13 M-1 for IrIII(ppy)3. The dramatically higher KSV is expected given G of
electron transfer from BIH to a photoexcited [RuII(bpy)3]2+ is 630 mV downhill in energy while
analogous G to IrIII(ppy)3 is only 160 mV downhill in energy (Figure 20). Given the higher KSV,
higher molar absorptivity and broader absorption spectrum, substantially more [RuII(bpy)3]+ is
expected in the reaction mixture than [IrIII(ppy)3]-. A faster electron transfer event could allow for
selectivity between reaction pathways leading to CO or formate. Specifically, the formate
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production pathway likely relies on the formation of a Ru-hydride intermediate as a chemical step
prior to CO2 reduction while the CO production pathway relies on a reduction of only the catalyst
prior to CO2 reduction. Electron transfers favoring reduced catalyst formation faster than Ru
protonation would then be predicted to favor CO. Indeed, in the presence of IrIII(ppy)3 in MeCN,
CO is favored rather than formate which was observed as the major product with [RuII(bpy)3]2+ as
the PS under identical reaction conditions (Table 9, entries 1 and 2; Figure 22). This selectivity
was accompanied by a slower maximum TOF (20 versus 35 h-1), but with a similar total carbon
product TON (Figure 22). These observations can be rationalized as the rate of initial electron
transfer either to the catalyst or protonated catalyst controlling product selectivity as being the
most uphill of the catalytic cycle which would slow electron transfer from [RuII(bpy)3]+ relative to
[IrIII(ppy)3]-. However, the faster TOF of [RuII(bpy)3]2+ for the generation of CO could be due to a
more thermodynamically favorable second electron transfer occurring faster with [Ru II(bpy)3]+
relative to [IrIII(ppy)3]- due to a low concentration of [IrIII(ppy)3]-. Direct observation and
measurement of intermediates within the catalytic cycle are needed to support these hypotheses.
We note that [RuII(bpy)3]2+ has a similar TON value to IrIII(ppy)3 but a faster maximum observed
TOF which indicates the IrIII(ppy)3 PS may be more durable. This agrees with other proposed
mechanisms where 2,2’-bipyridyl ligands dissociate more readily than 2-phenylpyridine ligands
during photocatalysis.74 In DMF, the CO product formation preference with IrIII(ppy)3 was even
greater with CO observed as the only product from the reaction (Table 9, entries 3 and 4). The
TOF and TON values were notably lower for IrIII(ppy)3 in DMF relative to [RuII(bpy)3]2+. Overall,
these results show that the presence of water and [Ru(bpy)3]2+ as a PS favors formate production
while anhydrous conditions and IrIII(ppy)3 as a PS favor CO production. Both effects are strong
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with water being required for formate production, but the selection of solvent and PS allows for
100% selectivity for CO production even in the presence of water.

Table 9. Influence of photosensitizer on the photocatalytic reduction of CO2 with
[RuII(bpy)2(CO)2]2+ catalyst, BIH and H2O as proton and electron sources, and either MeCN or
DMF.

entry

PS

Solvent

Max. CO
TOF (h-1)

1
2
3
4

[RuII(bpy)3]2+
IrIII(ppy)3
[RuII(bpy)3]2+
IrIII(ppy)3

MeCN
MeCN
DMF
DMF

35
20
62
21
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CO
(TON)

HCO2(TON)

96
100
46
20

177
65
71
0

Selectivity
CO
(%)
35
61
39
100

HCO2(%)
65
39
61
0

Figure 22. Turnover graph (top) and CO TON versus time graph (bottom) showing the influence
of photosensitizer on the photocatalytic reduction of CO2 with [RuII(bpy)2(CO)2]2+ precatalyst,
BIH and H2O as proton and electron sources, and either MeCN or DMF as the solvent.

Figure 23. Stern-Volmer quenching plot for IrIII(ppy)3 and [RuII(bpy)3]2+ in MeCN with varying
BIH concentrations.
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3.4 Catalyst Influence. Next, the influence of the catalyst on the photocatalytic reduction
of CO2 was analyzed. Conditions which showed the lowest selectivity of the benchmark
[RuII(bpy)2(CO)2]2+ catalyst and BIH were used to analyze a second ruthenium catalyst since
potentially subtle changes in selectivity are most obvious from a poorly selective starting point.
[RuII(CNC)Cl]+ was chosen as the comparison catalyst since a prior report using this catalyst in
photoreactions showed a high durability.65a The energetics of this NHC-ligated catalyst are
significantly different with a higher energy reduction potential for [Ru II(CNC)Cl]+ relative to
[RuII(bpy)2(CO)2]2+ (Table 7, -2.30 V versus -1.32 V in MeCN, respectively). This difference in
energetics could play a role in modulating the selectivity of two different reaction pathways if one
pathway is more dependent on rapid electron transfers. Additionally, the electron density at the
metal center is often higher for NHC-ligated metal complexes which promotes greater
nucleophilicity and can lead to reduction of CO2 to CO after a single electron transfer to the
catalyst.65a, 72b, 75 Given the significant number of differences between the two precatalysts being
compared, the ability of a catalyst to control product selectivity under variable environments
should be apparent. In MeCN, [RuII(CNC)Cl]+ was found be highly selective for CO (97%) in the
presence of water with IrIII(ppy)3 as the PS (Table 10, entry 2; Figure 24). Under these identical
conditions [RuII(bpy)2(CO)2]2+ was found to be significantly less selective for CO (61%, Table 10,
entry 1). The combination of [RuII(CNC)Cl]+, MeCN, and IrIII(ppy)3 generated the largest
selectivity for proton reduction to H2 as well at 18% H+ reduction versus CO2 reduction ( Appendix,
Table 26), while the remainder of the systems studied in this manuscript show either low TON
values for proton reduction for systems giving low overall TON values or low selectivities for
proton reduction for systems giving high TON values. The reason for proton reduction increasing
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significantly for [RuII(CNC)Cl]+, MeCN, and IrIII(ppy)3 is not obvious. Interestingly, in DMF
[RuII(CNC)Cl]+ was found to be significantly more selective for formate production than the
[RuII(bpy)2(CO)2]2+ with [RuII(bpy)3]2+ as the PS (90% versus 61%, Table 10, entries 3 and 4).
This suggests that the active catalysts are dramatically influenced by the reaction environment,
and a simple classification of a catalyst as favoring CO or formate production irrespective of
reaction conditions can be misleading. In this case, [RuII(CNC)Cl]+ was found to be more selective
for both CO and formate than [RuII(bpy)2(CO)2]2+ under different environments.

Table 10. Influence of catalyst on the photocatalytic reduction of CO2 with a
photosensitizer, BIH and H2O as proton and electron sources, and either MeCN or DMF.

Entry

Catalyst

PS

1
2
3
4

[RuII(bpy)2(CO)2]2+
[RuII(CNC)Cl]+
[RuII(bpy)2(CO)2]2+
[RuII(CNC)Cl]+

IrIII(ppy)3
IrIII(ppy)3
[RuII(bpy)3]2+
[RuII(bpy)3]2+

Max. CO
Solvent
TOF (h-1)
MeCN
MeCN
DMF
DMF

86

20
7
62
6

CO
(TON)

HCO2(TON)

100
227
46
16

65
7
71
143

Selectivity
CO
(%)
61
97
39
10

HCO2(%)
39
3
61
90

Figure 24. Turnover graph (top) and CO TON versus time graph (bottom) showing the influence
of precatalyst on the photocatalytic reduction of CO2 with a photosensitizer, BIH and H2O as
proton and electron sources, and either MeCN or DMF.

3.5 Environment Controlled Selectivity. Varying applications may have different
environment requirements. Ideally, both a predictable high product selectivity and a high durability
are needed for photocatalytic CO2 reduction reactions. Understanding which reaction components
have the strongest influence on product selectivity and catalyst durability is important for rationally
designing functional solar fuel systems. One way to probe which components have strong
selectivities is through experiments using conditions which have competing selectivities. For
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example, wet MeCN was found to favor formate production while IrIII(ppy)3 was found to favor
CO product. Combining these two variables with the [RuII(CNC)Cl]+ precatalyst, which seems to
accentuate product selectivities, leads to a strong selectivity for CO formation in the presence of
water, 97% CO selective with a TON of 227, (Table 11, entry 1; Figure 25 & Appendix, Figure
90). Thus, the precatalyst and the PS can be used to select the desired product over the product
selectivity imparted from added water. In fact, under conditions which strongly favor CO
formation, anhydrous DMF and IrIII(ppy)3 PS, a similar selectivity and TON value is observed:
100% CO selective and TON of 275 (Table 11, entry 2). However, by changing to wet conditions
and changing to a photosensitizer known to favor formate ([RuII(bpy)3]2+), a dramatically different
Table 11. Highest selectivities and TON observed for each catalyst under environments
favoring a specific product. BIH is the electron source in all experiments.

PS

H2O
Max
CO HCO2or
TOF (h-1) (TON) (TON)
TEA

Entry

Catalyst

Solvent

1
2
3

[RuII(CNC)Cl]+
[RuII(CNC)Cl]+
[RuII(CNC)Cl]+

MeCN
DMF
DMF

IrIII(ppy)3
H2O
III
Ir (ppy)3
TEA
II
2+
[Ru (bpy)3]
H2O

7
9
5

227
275
16

4
5

[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+

DMF
MeCN

IrIII(ppy)3
TEA
[RuII(bpy)3]2+ H2O

9
35

116
96

Selectivity

7
0
143

CO
(%)
97
100
10

HCO2(%)
3
0
90

0
177

100
35

0
65

Figure 25. Turnover graphs showing how a combination of environmental parameters can be used
to drive the selectivity of either precatalyst.
88

selectivity is observed for the same catalyst (90% formate, 143 TON for formate, Table 11, entry
3). Similar observations are made with [RuII(bpy)2(CO)2]2+ where the PS choice and the presence
of water control product selectivities (Table 11, entries 4 and 5). This highlights the critical role
the PS is playing in these systems in guiding product selectivity providing water is present.

Mechanistic Implications. Two plausible catalytic cycles are presented below for CO and formate
production based on experimental observations (Scheme 4). Both cycles begin with a precatalyst,
[RuII(CNC)(MeCN)2Cl]+[-OTf]. Cyclic voltammetry measurements reveal no significant change
in the first reduction potential onset when argon and CO2 atmospheres are compared, which
suggests an electron transfer step happens before a chemical step (e.g. CO2 complexation or Cldissociation). This suggests the cationic complex is first reduced to a 19-electron neutral complex
followed by Cl- dissociation to open a coordination site.76 CV measurements also show catalytic
activity via a current enhancement under CO2 compared to argon at the first reduction wave. This
suggests that Cl- dissociation is facile (at least on the CV time scale), and a chemical reaction step
happens readily after a coordination site is opened to give the active catalyst 1 (or A). This
chemical transformation step could be either complexation with CO2 to give 2 or complexation
with a proton to give B, which differentiates the mechanistic pathways. We do note there is a
second less commonly invoked possible cycle to reach formate beginning with metal-carbon bond
formation and the eventual protonation of this bond, but we have focused our analysis on the most
common pathways to formate which involve M-H bonds.77 Presumably, if this step were
irreversible, the catalyst and solvent would play the largest effects in controlling product selectivity.
However, the PS was found to have a substantial influence on product selectivity. Within the
catalytic cycle, the PS is projected to first have a role after the active catalyst 1 has complexed to
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CO2 or a proton. This suggests that the CO2 complexation step is reversible since the PS results in
a product selectivity change. Changing the PS will change the electron transfer rates with strong
reducing IrIII(ppy)3- presumably having a faster electron transfer event to the catalyst than
[RuII(bpy)3]+ if Marcus theory kinetics are followed. A reduced rate of reduction of the CO2
complexed intermediate 2 would allow for an equilibrium to occur between CO2 binding to the
catalyst and the free catalyst which could be protonated potentially leading to a more easily
reduced dicationic ruthenium hydride intermediate B. It is plausible B is slow to form due to low
concentration of free protons in the reaction mixture. This is consistent with the stronger reducing
[IrIII(ppy)3]- being selective for CO formation since 2 can undergo a facile electron transfer based
on thermodynamic considerations and may not have time to undergo equilibration. This is a
plausible explanation for the critical role the PS is playing in controlling product selectivity. The
remaining catalytic cycle steps are postulated steps.
For the completion of the CO production cycle, intermediate 3 may then add to another
CO2 molecule to generate intermediate 4. Complex 4 can then be reduced and lose CO32- to give
the CO-complex 6. The higher concentration of [RuII(bpy)3]+ in the reaction could increase the rate
at which 4 is reduced leading to a faster catalytic cycle for [RuII(bpy)3]2+ despite a slower electron
transfer event to 2 relative to IrIII(ppy)3. Catalytic intermediate 6 then can dissociate a CO to free
a coordination site and regenerate the active catalyst 1. Importantly, a second pathway to CO
production where protons are added to the reduced CO2 complex 3 to eventually lead to water as
a byproduct instead of a second CO2 molecule leading to the formation of CO32- as a byproduct is
possible. This second pathway likely complicates analyzing the relative rates for CO generating
photocatalytic reactions evaluated above when comparing wet and anhydrous conditions.
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For the completion of the HCO2- production cycle, the reduction of dicationic complex B
generates the monocationic ruthenium hydride complex C, which can react with CO2 to generate
formate and dicationic complex D. We note that there are two common pathways by which this
can occur either via a single step hydride abstraction78 or via a multiple step CO2 insertion/M-O
bond dissociation mechanism.73b The route this system proceeds through is not obvious given the
data currently available. Reduction of complex D can then regenerate an initial complex A.
However, more chemical and computational experiments are needed to further test these
hypothesized catalytic cycles as chemical and electron transfer steps could be reversed.

Scheme 4. Proposed mechanism for CO production under anhydrous conditions (left) and
formate production under hydrous conditions (right).
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CONCLUSIONS
The presence or absence of a proton source and the identity of the photosensitizer was
shown to critically influence the selectivity of photocatalytic CO2 reduction. In contrast, the
identity of the solvent, the sacrificial electron donors, and the catalyst structure played a minor
supporting role with only a slight influence on selectivity, although significant durability and rate
differences were present based on the solvent choice. Water was found to have a dramatic effect
on product selectivity and was found to be necessary for formate production. The catalyst structure
was found to have some control over product selectivity, but this could be overridden by the choice
of photosensitizer when water is present. These results were used to generate a plausible catalytic
cycle where a key step (substrate complexation) may be reversible which allows for a rational
explanation of how the PS can strongly control product selectivity. Most importantly, this work
illustrates that reaction environment is a dominant effect in understanding product selectivity
which cannot be ascribed to molecular catalyst design without careful comparisons and control
experiments.
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CHAPTER 6
6.1 OVERALL CONCLUSION

High voltage dye sensitized solar cells (DSCs) were fabricated utilizing a novel
wide band gap dye (RR9) and a low oxidation potential redox shuttle (Fe(bpy)33+/2+). This is the
first time a Fe redox shuttle was shown to work efficiently in DSCs. This dye-redox shuttle pair
achieved a record-breaking voltage for a single junction device of 1.4 V without the using of any
doping treatment to raise the TiO2 conduction band. Furthermore, when this device was utilized as
a front subcell for a sequential series multijunction dye-sensitized solar cell system (SSM-DSC) it
produced a record-breaking voltage of 3.3 V. For the best of our knowledge this is the highest
voltage for a 3 subcell multijunction device for any solar cell technology. A new generation of
high voltage dyes (AP series) were synthesized changing the BTD bridge for the TPD. Voltages
comparable with RR9 were obtained (~1.3 V versus ~1.4 V) while increasing the current and
power conversion efficiency of these devices.
Focusing in homogeneous photocatalysis, 5 Ru catalyst were studied as self-sensitized system.
This is only the second time that Ru was shown to be able to reduce CO2 without the presence of
a photosensitized. The best catalyst of the series (2B) had one of the highest turnover numbers
(TON) for a self-sensitized system of 55 at 0.1 mM concentration and 33,000 at 0.1 nM
concentration.
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To better understand the selectivity of catalyst for CO2 versus HCO2- a series of conditions
were evaluated with 2 known catalysts. [RuII(bpy)2(CO)2]2+ is known to favors HCO2- and
[RuII(CNC)(MeCN)2Cl]+ is known to favor CO. These studies reviewed that the selectivity of CO2
reduction products can be controlled not only by the catalyst but also by the by the choice of
photosensitizer and if the reactions are done anhydrous or in the presence of water. Conditions
plays a major role in CO2 product selectivity (CO vs. HCO2-) and caution should be taken when
assigning the selectivity of CO2 products to only the catalyst.
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APPENDIX A: FIGURES, TABLES AND SCHEMES

Scheme 5: Synthetic Scheme for RR9.

.
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Figure 26. UV-Vis spectrum of RR9 in dichloromethane. The absorption onset was taken from
the x-axis intersection of a tangent line on λmax absorption curve on the long wavelength side.

2+

Figure 27. CV of RR9 and Fe(bpy)3 in dichloromethane with 0.1 M TBAPF6. Measurements
were conducted at a 100 mV/s sweep rate, with a glassy carbon working electrode, platinum
counter electrode and a Ag/AgCl reference electrode. The oxidation of RR9 is irreversible. For
the thermodynamic plot (Figure 2, main text), the oxidation potential of RR9 is taken by
2+
comparison of the onset of oxidation to Fe(bpy)3 as shown by the green lines in Figure 27. The
distance between the two onsets was measured at 190 mV. In Figure 4 (main text), the oxidation
2+
potential of RR9 was reported as 190 mV below the 1⁄2 wave potential of Fe(bpy)3 .
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Photovoltaic Characterization General Information:

Photovoltaic characteristics were measured using a 300 W xenon lamp (Model SF300A,
SCIENCETECH Inc. Class AAA) solar simulator equipped with an AM 1.5 G filter for a less than
2% spectral mismatch. Prior to each measurement, the solar simulator output was calibrated with
a KG5 filtered mono-crystalline silicon NREL calibrated reference cell from ABET Technologies
(Model 15150-KG5). The current density-voltage characteristic of each cell was obtained with
Keithley digital source meter (Model 2400). The incident photon-to-current conversion efficiency
was measured with an IPCE instrument manufactured by Dyenamo comprised of a 175 W xenon
lamp (CERMAX, Model LX175F), monochromator (Spectral Products, Model CM110, CzernyTurner, dual-grating), filter wheel (Spectral Products, Model AB301T, fitted with filter AB3044
[440 nm high pass] and filter AB3051 [510 nm high pass]), a calibrated UV-enhanced silicon
photodiode reference and Dyenamo issued software.

Electron lifetime measurements, also known as small modulation photovoltage transient
measurements, were carried out with a Dyenamo Toolbox (DN-AE01) instrument and software.
The intensity of the LED light source (Seoul Semiconductors, Natural White, S42182H, 450 nm
to 750 nm emission) is varied to modulate the device open-circuit voltage. The base light intensity
was modulated by applied voltages of 2.80, 2.85, 2.90 and 2.95 to the LED with the 2.95 V bias
approaching 1 sun intensity (60% sun). The direction of illumination was from the photoanode to
the counter electrode, and the device was positioned 5 cm from the LED light source. The voltage
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rise and decay times are fitted with a Levenberg-Marquardt fitting algorithm via LabView, and the
electron lifetime was obtained from the averaging of rise and decay times.
Device Fabrication for RR9 Fe(bpy)33+/2+ :
RR9 DSC devices and SSM-DSC devices were prepared as follows: TEC 10 FTO glass (10 Ω/sq.
sheet resistance: FTO [fluorine doped tin oxide]) was purchased from Hartford Glass. Once scored
into 2x2 cm squares, the substrate was submerged in a 0.2% Deconex 21 aqueous solution and
sonicated for 15 minutes at room temperature. The electrodes were rinsed with water and sonicated
in acetone 10 minutes followed by sonication in ethanol for 10 minutes. Finally, the electrodes
were placed under UV/ozone for 15 minutes (UV-Ozone Cleaning System, Model ProCleaner by
UVFAB Systems). A TiO2 under layer is then applied by pretreatment of the substrate submerged
in a 40 mM TiCl4 solution in water (prepared from 99.9% TiCl4 between 0-5 OC). The submerged
substrates (conductive side up) were heated for 30 minutes at 70oC. After heating, the substrates
were rinsed first with water and then with ethanol. Active layer TiO2 (nanoparticle size, 38-31 nm,
Dyenamo, DN-GPS-30TS, P30) was applied via screen printing (Sefar screen (90/230–48W)
resulting in 2.7 μm thickness per print), and scattering layer TiO2 (particle size >100 nm, Solaronix
R/SP, P100) was applied via screen printing (Sefar screen (54/137–64W) resulting in 4.5 μm
thickness per print. Between each print, the substrate was heated for 7 minutes at 125°C and the
thickness was measured with a profilometer (Alpha-Step D-500 KLA Tencor). Additional layers
of TiO2 could be added after the 7 minute heat cycle to adjust the film to the desired thickness. For
<2.7 μm active layer films, the commercial paste from Dyenamo was diluted with terpineol before
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screen printing (2.2 μm films from 4:1 v/v paste/terpineol; 1.5 μm films from 2:1 v/v
paste/terpineol; 1.3 μm films from 1:1 v/v paste/terpineol). After the desired film thickness was
printed, the substrate was then sintered with progressive heating from 125°C (5 minute ramp from
r.t., 5 minute hold) to 325°C (15 minute ramp from 125°C, 5 minute hold) to 375°C (5 minute
ramp from 325°C, 5 minute hold) to 450°C (5 minute ramp from 375°C, 15 minute hold) to 500°C
(5 minute ramp from 450°C, 15 minute hold) using a programmable furnace (Vulcan® 3-Series
Model 3-550). The cooled sintered photoanode was soaked 30 min at 70°C in a 40 mM TiCl4
water solution and heated again at 500°C for 30 minutes prior to sensitization. The complete
working electrode was prepared by immersing the TiO2 film into a room temperature dye solution
for 4 hours for RR9, 4 hours for D35 when used in DSC devices, 16 hours for D35 when used in
SSM-DSC devices, and 16 hours for Y123 (see below Table 12 for structure). The RR9 solution
and D35 solution for DSC devices is 0.5 mM of dye in 1:1 mixture of acetonitrile:tert- butyl
alcohol with added chlorobenzene (CB) (~0.2 mL in 12 mL of a 1:1 acetonitrile:tert-butyl alcohol
solution). D35 dye solution for SSM-DSC devices is 0.3 mM 4:1 (EtOH:THF), with 40x of
chenodeoxycholic acid (CDCA). Y123 dye solution for SSM-DSC devices is 0.2 mM, 1:1
(MeCN:tert-butanol) with 50 x CDCA. D35 based subcells for SSM-DSC devices were submerged
in a 0.1 M solution of 97% 1H,1H,2H,2H-perfluorooctyltrimethoxysilane (PFTS) in hexanes for
90 minutes at 30°C. The SSM-DSC D35 subcells were rinsed with hexanes post PFTS treatment.
For preparing counter electrode 2x2 cm squares TEC 7 FTO glasses were drilled using a Dremel4000 with Dremel 7134 Diamond Taper Point Bit from the taped FTO side. Electrodes were
washed with water followed rinsing with a 121:1 (v/v) mixture of EtOH:conc. aq. HCl, and
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sonication in acetone bath for 10 minutes. PEDOTs counter electrodes were used for RR9 and
D35 DSC devices, and were made according to literature procedure.[5] Platinum counter
electrodes were used for all SSM-DSC subcells. These were prepared by slot printing a thin layer
of Pt-paste (Solaronix, Platisol T/SP) with a punched Scotch tape piece on the conductive side.
The electrodes were then heated at 450°C for 10 minutes. The photoanode and cathode were sealed
with a 25 μm thick hot melt film (Surlyn, Dupont) by heating the system at 130 0C under 0.15 psi
pressure for 55 seconds. Devices were completed by filling the cells with electrolyte through the
pre-drilled holes in the counter electrodes, and the holes were sealed with a Surlyn pre-cut circle
and a thin glass cover by heating at 130 0C under pressure 0.1 psi for 25 seconds. Fe(bpy) 33+/2+
electrolytes were comprised of: 0.25 M Fe(bpy)32+, 0.05 M Fe(bpy)33+, 0.1 M LiTFSI (TFSI =
bis(trifluoromethanesulfonyl)imide), 0.5 M TBP (TBP = 4-tert-butyl pyridine), in acetonitrile.
Co(bpy)33+/2+ electrolytes were comprised of: 0.25 M Co(bpy)32+, 0.05 M Co(bpy)33+, 0.1 M
LiTFSI (TFSI = bis(trifluoromethanesulfonyl)imide), 0.5 M TBP (TBP = 4-tert-butyl pyridine), in
acetonitrile. Co(bpy-pz)23+/2+ electrolytes were comprised of: 0.25 M Co(bpy-pz)22+, 0.05 M
Co(bpy-pz)23+, 0.1 M LiTFSI (TFSI = bis(trifluoromethanesulfonyl)imide), 0.5 M TBP (TBP = 4tert-butyl pyridine), in acetonitrile. Finally, soldered contacts were added with a MBR Ultrasonic
soldering machine (model USS-9210) with solder alloy (Cerasolzer wire dia 1.6mm item # CS186150). A circular black mask (active area 0.15 cm2) punched from black tape was used in the
subsequent photovoltaic studies.
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Device Optimization Studies:
Table 12. “Standard conditions” optimization by varying electrolyte and electrode compositions.

entry electrolyte
changes
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

electrode changes

Voc
(V)

0.15 M Fe(bpy)32+ 0.2 mM RR9 4:1 EtOH:THF solution for 19 hr; 5.4 µm
TiO2 P30
0.15 M Fe(bpy)32+; 0.2 mM RR9 4:1 EtOH/THF solution for 19 hr; 5.4 µm
0.15 M Fe(bpy)33+ TiO2 P30
--0.2 mM RR9 4:1 EtOH/THF solution for 19 hr; 5.4 µm
TiO2 P30
0.35 M Fe(bpy)32+ 0.2 mM RR9 4:1 EtOH/THF solution for 19 hr; 5.4 µm
TiO2 P30
0.05 M LiTFSI
0.2 mM RR9 4:1 EtOH/THF solution for 19 hr; 5.4 µm
TiO2 P30
0.5 M LiTFSI
0.2 mM RR9 4:1 EtOH/THF solution for 19 hr; 5.4 µm
TiO2 P30
--0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
--0.2 mM RR9 DCM/EtOH for 19 hrs; 5.4 µm TiO2 P30
--0.2 mM RR9 CB for 19 hrs; 5.4 µm TiO2 P30
--0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30; 10:1 CDCA:dye
--0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30; 20:1 CDCA:dye
--0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30; 40:1 CDCA:dye
EC
0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
Ƴ-Lactone
0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
DMF
0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
NMP
0.2 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
--0.1 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
--0.5 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
--1.0 mM RR9 for 19 hrs; 5.4 µm TiO2 P30
--RR9 19 hour dip
--RR9 19 hour dip; 10.8 µm TiO2 P30
--RR9 2 hour dip
------RR9 12 hour dip

0.70

Jsc
FF
PCE
(mA/
(%)
cm2)
0.1
0.64 0.0

---

---

---

1.18

2.4

0.64 2.0

1.26

2.4

0.55 1.7

1.16

2.4

0.64 2.0

1.03

1.6

0.54 1.0

1.22
1.03
1.01
1.10
1.19
1.14
1.26
1.11
0.60
0.60
1.10
1.28
1.28
1.31
1.19
1.22
1.42
1.34

2.8
1.7
1.5
2.3
2.6
2.0
2.4
1.4
0.4
0.5
1.3
2.8
2.8
2.1
1.4
2.0
2.8
2.4

0.44
0.48
0.56
0.52
0.50
0.50
0.23
0.17
0.40
0.27
0.48
0.44
0.42
0.45
0.55
0.55
0.47
0.51

0.0

1.6
0.9
0.9
1.3
1.6
1.1
0.7
0.3
0.1
0.1
0.7
1.7
1.6
1.3
1.0
1.4
1.9
1.7

Standard Conditions: Electrode: 0.5 mM RR9 in acetonitrile (MeCN:t-BuOH:CB, 30:30:1), 4
hours sensitization, 2.7 µm TiO2 active layer, 4.5 µm TiO2 scattering layer. Electrolyte: 0.25 M
Fe(bpy)32+; 0.05 M Fe(bpy)33+; 0.1 M LiTFSI, and 0.5 M TBP in MeCN. Counter Electrodes:
PEDOT.
(EC = ethylene carbonate, NMP = N-methyl-pyrrolidone, DMF = N,N-Dimethylformamide)
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Figure 28. Small modulated photovoltage transient measurements plotted as electron lifetime
versus open-circuit voltage for Fe(bpy)3

3+/2+

and Co(bpy)3

3+/2+

with RR9 and D35.

Figure 29. Dark current density versus potential measurements for Fe(bpy)33+/2+ and
Co(bpy)33+/2+ with RR9 and D35.
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Table 13. Photovoltaic parameters of DSC devices.
dye and TiO2
thickness
RR9 1.2 µm
D35 2.2 µm
Y123 4.5 µm P30 +
4.5 µm >P100
RR9/D35/Y123
RR9 1.5 µm
D35 2.2 µm
Y123 4.5 µm P30 +
4.5 µm >P100
D35/D35/Y123
RR9 2.2 µm
D35 2.2 µm
Y123 4.5 µm P30 +
4.5 µm >P100
RR9/D35/Y123

Voc
(mV)
D35/D35/Y123
Itself
1.156
Itself
1.011
nd
2
0.98
itself
0.967
3rd
0.960
Tandem
3.100
D35/D35/Y123
Itself
1.261
Itself
1.011
2nd
0.968
itself
0.967
3rd
0.944
Tandem
3.181
D35/Y123/Y123
Itself
1.116
Itself
1.011
nd
2
itself
0.967
3rd
Tandem
2.990
Position

Jsc
(mA/cm2)

FF

PCE
%

1.8
5.2
1.5
8.1
2.9
1.8

0.55
0.66
0.74
0.67
0.76
0.54

1.2
3.6
1.1
5.4
2.2
3.1

2.2
5.2
1.3
8.1
2.7
2.2

0.39
0.66
0.73
0.67
0.75
0.49

1.1
3.6
1.0
5.4
2.0
3.5

1.1
5.2
8.1
1.5

0.34
0.66
0.67
0.30

0.43
3.6
5.4
1.3

“itself” refers to measurements made on this subcell when taken out of the SSM-DSC
configuration and measured directly. “2nd or 3rd” refers to measurements made on this specific
subcell only, when in the SSM-DSC configuration. Front cells are the first dyes listed. Subsequent
subcells are listed in order from front to back. Electrolyte used for RR9: 0.25 M Fe(bpy)3(PF6)2,
0.05 M Fe(bpy)3(PF6)3, 0.1 M LiTFSI, and 0.5 M tert-butylpyridine, in acetonitrile. Electrolyte used
for D35: 0.25 M Co(bpy-pz)2(PF6)2, 0.05 M Co(bpy-pz)2(PF6)3, 0.1 M LiTFSI, and 0.5 M tertbutylpyridine, in acetonitrile. Note: FSAM surface treatment was applied to electrode before
device assembly. Electrolyte used for Y123: 0.25 M Co(bpy-pz)2(PF6)2, 0.05 M Co(bpy-pz)2(PF6)3,
0.1 M LiTFSI, and 0.5 M tert-butylpyridine, in acetonitrile. Pt counter electrodes used for all cells.
TEC15 (15  sheet resistance) used for both photoanode and cathode.
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Table 14. RR9 and D35 based DSCs with Fe(bpy)33+/2+ and Co(bpy)33+/2+ as redox shuttles.
All values are the average of two cells with standard deviations reported for these two cells.
dye
redox shuttle
(TiO2 thickness)

Voc (mV)

Jsc (mA/cm2)

FF

PCE %

1420 ± 8

2.80 ± 0.01

0.51 ± 0.07

2.14 ± 0.33

2

RR9 (2.7 μm) Fe(bpy)33+/2+
D35 (2.7 μm) Fe(bpy)33+/2+

552 ± 12

0.10 ± 0.07

0.56 ± 0.01

0.03 ± 0.02

3

RR9 (2.7 μm)

Co(bpy)33+/2+

678 ± 6

3.50 ± 0.00

0.72 ± 0.00

1.76 ± 0.00

0.66 ± 0.02

4.53 ± 0.25

entry
1

4

D35 (2.7 μm)

Co(bpy)

3+/2+
3

764 ± 26

Figure 30. SSM-DSC Device Illustration
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8.85 ± 0.07

Figure 31. IPCE of a RR9 1.5 μm SSM-DSC device based on Table 13. This spectrum is only
provided as an estimate of the IPCE spectrum for this system. Measuring an IPCE with our system
in challenging for single illuminated area SSM-DSCs as the monochromatic response is low for
subcells after the first subcell due to the low intensity light being absorbed by the first subcell.
However, a response is observed indicative of the curve shape. The area under this curve has been
adjusted to match the IV curve Jsc response for that subcell within the SSM-DSC configuration.
As such the curve shape is reasonable, but we stress that the peak height/area under the curve is
only an estimate for the second and third subcells.
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Figure 32. UV-Vis absorption of Fe(bpy)32+ in acetonitrile.

Computational Analysis: General Information
MM2 energy minimization in ChemBio3D Ultra (version:13.0.2.3021) was used for the initial
energy minimization of RR9. Dihedral angles for the relevant groups were set to values between
the global minimum and the next local minimum on the conformational energy diagram as
calculated by chemBio3D. Accurate geometry optimization were performed sequentially by
density functional theory (DFT) using Guassian09
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with the M06 functional with the following

basis sets: first 3-21g and second 6-311g (d,p) with default convergence thresholds and numerical
integration grids. Time-dependent density functional theory (TD-DFT) computations were
performed with optimized geometries and with the M06 functional and 6-311g (d,p) basis set to
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compute the vertical transition energies and oscillator strengths. All alkyl chains were truncated to
simple methyl groups.

RR9 XYZ Coordinates from DFT Geometry Optimization
C
C
C
C
C
C
H
H
C
C
C
C
C
C
C
C
N
N
S
C
C
C
C
C
C
H
H
H
H
O
O
C
C
H

1.29200000
2.70430000
3.41810000
2.63450000
1.18900000
0.49330000
0.82150000
3.24530000
-0.97230000
-1.62020000
-3.63160000
-4.35360000
-4.91940000
-3.71300000
-4.46070000
-3.91700000
0.62120000
3.10730000
1.82090000
4.88650000
5.62070000
6.99880000
7.71000000
6.97240000
5.59530000
5.09950000
7.55400000
7.47680000
5.04860000
-4.42040000
-5.36610000
9.14960000
10.11160000
9.55660000

0.96140000
0.92460000
-0.10550000
-1.16290000
-1.13000000
-0.03130000
1.81030000
1.76700000
0.04160000
1.27060000
2.72050000
3.31880000
4.57140000
-3.01760000
-4.14870000
-2.24510000
-2.19230000
-2.25400000
-3.14190000
-0.11350000
-0.66900000
-0.63050000
-0.05150000
0.49680000
0.46200000
-1.13510000
-1.05950000
0.94170000
0.86320000
2.61340000
6.47840000
-0.07950000
0.36490000
-0.54510000

0.35620000
0.30920000
-0.25140000
-0.81460000
-0.75600000
-0.15490000
0.84340000
0.73090000
-0.08580000
-0.21600000
-0.23560000
0.81540000
0.65640000
1.63320000
1.90040000
0.49410000
-1.32180000
-1.41230000
-1.86260000
-0.25620000
-1.30980000
-1.29680000
-0.23540000
0.82550000
0.80770000
-2.13700000
-2.12690000
1.67520000
1.65560000
1.96740000
-0.58710000
-0.31510000
0.52660000
-1.21340000
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O
O
C
H
H
O
C
H
H
H
H
H
H
H
C
H
C
H
H
C
H
H
H
C
O
O
H
C
N
C
C
C
C
H
H
C
C
C
H
H
H
C

-5.02860000
-5.10280000
-5.24760000
-4.19850000
-5.69940000
-6.14500000
-6.12560000
-6.08530000
-6.07520000
-7.07550000
-5.78200000
-5.09160000
-4.72160000
-6.20300000
-5.76080000
-5.10040000
-5.14890000
-6.61690000
-6.12120000
-7.15410000
-7.59470000
-7.93620000
-6.75070000
11.52070000
11.86090000
12.38360000
13.27040000
9.86530000
9.65390000
-2.99630000
-3.75850000
-3.13910000
-1.75610000
-1.04210000
-1.28940000
-4.77060000
-4.05030000
-3.49260000
-5.47630000
-3.91980000
-2.93750000
-5.44480000

-1.91640000
0.40780000
7.23100000
7.45700000
6.71460000
-5.64880000
-2.14560000
-1.37620000
-3.13220000
-2.05700000
8.16520000
2.42350000
4.10370000
3.31290000
-0.03830000
0.02860000
3.15310000
0.62520000
-1.06980000
-6.08460000
-6.97220000
-5.32410000
-6.35260000
0.15170000
-0.37540000
0.61910000
0.44200000
1.01100000
1.53680000
1.39360000
0.24560000
-1.00760000
-1.08710000
2.16790000
-2.06410000
5.26310000
4.70110000
3.43800000
5.06200000
5.21530000
2.98250000
-4.53890000

-1.52980000
0.25350000
-1.76750000
-2.00040000
-2.62480000
1.32710000
-2.37400000
-3.14470000
-2.85440000
-1.82960000
-1.59370000
3.84860000
3.38460000
2.77430000
1.42210000
2.29490000
3.03940000
1.57440000
1.32450000
0.45370000
0.90820000
0.32500000
-0.53200000
0.11090000
-0.91350000
1.02080000
0.67950000
1.76810000
2.77450000
-0.08360000
0.16960000
0.26830000
0.14900000
-0.42410000
0.22210000
-0.54810000
-1.59080000
-1.41000000
1.44570000
-2.53490000
-2.22620000
0.99800000
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C
C
H
H
H

-5.66110000
-4.89090000
-2.95770000
-4.31100000
-6.41090000

-3.80360000
-2.66830000
-2.69320000
-4.74010000
-4.11940000

-0.16610000
-0.41870000
2.34490000
2.79670000
-0.87950000

TD-DFT Calculations

Figure 33: Frontier orbital distribution of RR9 at M06/6-311g (d,p) level of theory. Iso
values set to 0.02. 19.

Table 15: Comparison of calculated vertical transitions and oscillator strengths to
empirically found maximum absorbances and molar extinction coefficients.

Compound

RR9

Vertical Transition [nm] (eV)
M06
472.99
(2.62)
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Oscillator Strength
M06

λmax
(nm)

ε
(M1cm1)

0.5802

399

29000

NMR Spectra
1

Figure 34. Compound 2: H NMR (CDCl3), 500 MHz
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Figure 35. Compound 2: 13C NMR (CDCl3), 125 MHz.
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1

Figure 36. Compound 4: H NMR (CDCl3), 500 MHz
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13

Figure 37. Compound 4: C NMR (CDCl3), 125 MHz.
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1

Figure 38. Compound 5: H NMR (CDCl3), 500 MHz
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13

Figure 39. Compound 5: C NMR (CDCl3), 125 MHz
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1

Figure 40. Compound 7: H NMR (CDCl3), 500 MHz
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13

Figure 41. Compound 7: C NMR (CDCl3), 125 MHz
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Figure 42. RR9: 1H NMR (CDCl3), 500 MHz
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Electrochemical Data and Discussion
Electrochemistry Discussion: As observed by CV and DPV, ferrocene has a signal at ~1.83 V
versus NHE which is very close to, and in several cases overlapping with, where the compounds
being studied oxidize. This precludes the use of ferrocene as an internal standard with a pseudo
reference electrode like Ag-wire. In the DPV samples presented below, the onset of oxidation of
the dye can be seen before the ferrocene signal and these are used to calibrate the sample. In the
CV spectrum, ferrocene is non-reversible after scanning positive potentials past 1.8 V versus NHE
and precludes the use of ferrocene as an internal standard since a half-wave potential can not be
obtained. In the absence of the IUPAC approved reference, a true reference Ag/AgCl electrode has
been used to allow accurate referencing in separate experiments below. Additionally, we have used
Fe(bpy)32+ as separate reference in some studies to avoid the high potential signal overlap from
ferrocene with the dye oxidation potentials. We recognize Ag/AgCl introduces an interface
between the aqueous Ag/AgCl electrode and the dichloromethane or dichloroethane solvent used
which can measurements. To examine this affect, CV studies are plotted below with both Ag-wire
and Ag/AgCl reference electrodes and ferrocene is measured with each reference electrode with
peak to peak separations reported, which show a modestly wider (40 mV) peak to peak separation
for Ag/AgCl as predicted (Figure 43). Additionally, each dye is measured in solution (CV
experiments: Figures 45-48; DPV experiments: Figure 49; Table 17) and on TiO2 with both Agwire and Ag/AgCl reference electrodes (Figures 51-55; Table 17). In several of these experiments,
dichloroethane is used as the solvent in place of dichloromethane due to a wider solvent window
and to avoid concentration changes during degassing. We have measured ferrocene in each solvent
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and observe a 0.03 V shift toward more positive potentials in dichloroethane and take Fc+/Fc as
0.73 V versus NHE in dichloroethane given we have referenced Fc+/Fc as 0.70 V versus NHE in
dichloromethane (see: Figure 43 for the comparison CVs; see: Table 2 caption for literature
references for the setting of Fc+/Fc to 0.70 V versus NHE in DCM). For the voltammograms used
to report the irreversible dye oxidation potential values in the main text (Table 2), the values are
reported using an approach where an oxidatively reversible compound (Fe(bpy)32+ in this case) is
referenced to the same scale (NHE). This allows the use of a half wave potential for the reversible
compound to calibrate the irreversible compound, and this approach allows for all of the dye CV
data to be treated the same way even in the absence of a clear oxidation peak to report such as with
AP11 and AP16 (Figures 45 and 47). For this method, the slope of the oxidation wave of the
standard is marked with a line intersecting the maximum number of points and a similar line is
drawn on the dye being measured. Ideally, these lines would be parallel to allow the determination
of the potential distance the dye is from the half wave potential of the standard. In many cases the
lines are not parallel, and the value near the onset of oxidation on the lines is used. This method is
employed rather than the use of peak oxidation potentials (or the use of even more subjective
oxidation potential "onsets") whereas we have observed several cases where the use of peak
potentials leads to the measurement of a dye peak potential that is less positive than the redox
shuttle (disfavored electron transfer) but onset or parallel line values show a favorable electron
transfer event, and the solar cells still produce significant electricity (submitted results for
publication). When the parallel line method is used for these cases with peak values showing
unfavorable electron transfers, the dye potential is more positive than the redox shuttle, which
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agrees more closely with the empirically observed solar cell performances. The peak values are
provided in the table below for characterization purposes only (Table 17). In this case, the parallel
line method with a Ag/AgCl reference electrode is within ~50 mV of the measurements with a Agwire and ferrocene with DPV (except for AP14 which has two very close oxidation potentials
which DPV separated but CV did not, Table 17). This is a close agreement for these two
measurement methods. The data with this method is kept in the SI and used to allow a direct
comparison to reported RR9 values in a table below and to allow both DCM and TiO2 studies to
be treated the same way both electrochemically and optically though the use of absorption onset
rather than E(0-0).
An important point to note when measuring these values for the purpose of assessing free
energies of electrons within dye-sensitized solar cells is that all of these values are only estimates
of the cell environment used to understand how dye structural changes are tuning energetics. The
exact values are very challenging to obtain, even when considering electrochemical film
measurements. Within a DSC cell, energetics shift substantially beyond what is routinely
measurable on films. In our labs, we routinely observe dye absorption curve onsets from TiO2
films shifting dramatically when compared with IPCE onsets which measures the lowest energy
light producing electricity by up to 100 nm.32b This indicates the cell environment for some dyes
is dramatically different than we are examining on films or in solution during absorption
spectroscopy and likely during voltammetry measurements. For the purpose of understanding
structure function relationships with electrochemistry, the dye solution measurements are most
attractive due to relatively limited dye-dye interactions. Film measurements are also made in this
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case to probe how the dye oxidation potentials and absorption features are changing on the
electrode surface. However, both of these are only estimates of functional device values.

Figure 43. Cyclic voltammogram comparison of ferrocene/ferrocenium peak-to-peak separation
with Ag-wire and Ag/AgCl (2M KClaq) reference electrodes in 0.1 M TBAPF6 in DCM with glassy
carbon working and platinum counter electrodes. Ag-wire peak-to-peak separation: 0.15 eV.
Ag/AgCl peak-to-peak separation: 0.19 eV.

Figure 44. CV comparison of Fc+/Fc change in half-wave potential between dichloromethane and
dichloroethane. See Table S1 caption for explanation of the 0.70 V value Fc+/Fc is taken as versus
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NHE in DCM with 0.1 M TBAPF6. Measurements were made with a glassy carbon working
electrode, platinum counter electrode, and a Ag/AgCl (2M KClaq) reference electrode.

Solution Electrochemical Studies: CV studies using a parallel tangent line method with Ag/AgCl
(2M KClaq) reference electrode, glassy carbon working electrode, platinum counter electrode, and
0.1 M TBAPF4 in DCM (see discussion above for rationale; see Table 17 for a summary of values):
To estimate the irreversible dye oxidation potentials, the oxidation wave of the dye is compared to
oxidation wave of Fe(bpy)32+. The change in tangent line voltage (V drawn on each graph) was
used to estimate the driving force for regeneration (V or GREG) with Fe(bpy)32+. Given that the
oxidation potential of Fe(bpy)32+ was measured at 1.26 V versus NHE with ferrocene as an internal
standard in MeCN, the oxidation potential for each dye was estimated from the equation E(S+/S)dye
= E(S+/S)Fe + V.

Figure 45. Cyclic voltammogram of AP11 in DCM compared to Fe(bpy)32+.
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Figure 46. Cyclic voltammogram of AP14 in DCM compared to Fe(bpy)32+.

Figure 47. Cyclic voltammogram of AP16 in DCM compared to Fe(bpy)32+.
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Figure 48. Cyclic voltammogram of AP17 in DCM compared to Fe(bpy)32+.
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CV studies with Ferrocene as an internal reference and Ag-wire as the reference electrode (see
Table 17 for reported values):

Figure 49. CVs of AP11, AP14, AP16 and AP17 measured in 0.1 M n-Bu4NPF6 under Argon in
dichloroethane. Glassy carbon working electrode, Pt counter electrode, and Ag-wire as reference
electrodes are used for the measurements. Ferrocene/ferrocenium (Fc+/Fc) as the internal standard
lead to broad reduction waves in many cases, and the black voltammograms are referenced to
ferrocene in a fresh solution measured immediately after the black voltammogram was collected.
Potential values are reported in V versus NHE.
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Figure 50: DPV of AP11, AP14, AP16 and AP17 measured in 0.1 M n-Bu4NPF6 under Argon in
dichloroethane. Glassy carbon working electrode, Pt counter electrode, and Ag wire as reference
electrodes are used for the measurements and ferrocene (FC) is used as the internal standard. The
bottom two graphs show the electrolyte/solvent window in the positive (bottom left) and negative
(bottom right) scan directions. A scan of ferrocene is shown in the bottom left graph with a
presumably decomposition impurity showing up at near 1.8 V in dichloroethane.
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Film Cyclic Voltammetry Studies: A similar data analysis approach to the solution CV studies
is taken for TiO2 film measurements in dichloromethane with Fe(bpy)32+ measured at 1.37 V
versus NHE.

Figure 51. Cyclic voltammogram of AP11 on TiO2 compared to Fe(bpy)32+, both in MeCN on
the NHE scale.

Figure 52. Cyclic voltammogram of AP14 on TiO2 compared to Fe(bpy)32+, both in MeCN on
the NHE scale.
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Figure 53. Cyclic voltammogram of AP16 on TiO2 compared to Fe(bpy)32+, both in MeCN on
the NHE scale.

Figure 54. Cyclic voltammogram of AP17 on TiO2 compared to Fe(bpy)32+, both in MeCN on
the NHE scale.
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Figure 55. FTO-TiO2 surface CVs of AP11, AP14, AP16 and AP17 measured in 0.1 M nBu4NPF6 under Argon in MeCN. Dye stained FTO working electrode, Pt counter electrode and
Ag wire or Ag/AgCl as reference electrodes are used for the measurements and ferrocene (FC) is
used as the internal standard. Potential values are reported in V versus NHE.
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Table 16. Electrochemical data summary for AP11, AP14, AP16, and AP17.a

dye

Ag/A
gCl
onset*
AP11 1.74
AP14 1.56
AP16 1.52
AP17 1.51
a

measured in dichloroethane ) solution (*indicates
measured on TiO2 in MeCN
Dichloromethane was used)
E(S+/S) CV measurement
E(S+/S),
E(S/S-), E(SE(S+/S) CV measurement
E(S2+/S+) DVP /S2-) DPV
Agwir Ag/Ag Agwir Ag/AgCl
Agwire
Ag/Ag Agwire Ag/Ag Agwire Ag/Ag
Cl Epa* e tangentb,*
Cl onset Cl Epa
Epa
Cl
e
onset
Epa
onset
tangentb
1.60 1.86e 1.79c
1.84
1.81, none -0.62, -0.69 1.58 1.51 2.01
1.85
1.87
1.50 1.68e 1.65
1.62
1.52, 1.65
-0.66,d 1.53 1.48 1.74f 1.73
1.71
1.11d
1.59 1.62e 1.71e
1.57
1.62, 1.84 -0.72, -1.45 1.46 1.40 1.94
1.95
1.81
1.69 1.60e 1.80f
1.61
1.61, 1.77 -1.10, -1.45 1.42 1.42 1.86f 1.85f
1.70

All values use ferrocene/ferrocenium as an internal reference for the case of Ag-wire or as a

calibration reference for the case of Ag/AgCl. Unless otherwise noted the electrochemical
measurements were done with a 0.1 M TBAPF6 electrolyte, glassy carbon working electrode for
solution measurements and a platinum counter electrode for all measurements. Mesoporous TiO2
(20 nm particles, 2.7 m thickness) on FTO (TEC 10) coated glass. The potential of
ferrocene/ferrocenium was determined measuring Fc+/Fc first in DCM with a true reference
Ag/AgCl and then in DCE immediately afterwards (Figure 44). Fc+/Fc is taken as 0.70 V versus
NHE in DCM based on the reported value of +0.46 versus SCE in this solvent and electrolyte,79
and the reported value of 0.24 V for SCE versus NHE on Chapter 1, Page 3 of the reference.80 b
Measured with a tangent line method used to find the potential (see Figures 45-48 & 51-54). See
discussion at the start of this section for the rationale behind the use of this method. c This signal
has a reversible half-wave potential at 1.74 V (Figure 49). d Broad signals (Figure 50). e Estimated.
f

Estimated due to overlapping signals.
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Table 17. Optical and electrochemical data analyzed to allow for direct comparison to RR9.
Absorbance Data
max onset
(nm)a (nm)b
377
485
399
500
384
480
379
460
399
460

DCM

Dye
AP11
AP14
AP16
AP17
RR9
a

Electrochemical Data

onset
(nm)b


(M-1cm-1)

490
515
490
475
---

19000
27000
22000
23000
29000

TiO2

E(S+/S)DCM
c
(V)
1.84
1.62
1.57
1.61
1.56

E(S+/S)TiO2
c
(V)

1.87
1.71
1.81
1.70
---

EgoptDCM E(S+/S*)DCM E(S+/S*)TiO2
(eV)d
(V)e
(V)e
2.56
2.48
2.58
2.70
2.70

-0.72
-0.86
-1.01
-1.09
-1.14

-0.66
-0.70
-0.72
-0.91
---

These are the peak values observed. The AP dyes have a red-shifted shoulder relative to this peak

(see Figure 8). See Table 2 values and related discussion below for more details. bOnset values
are taken from the x-intercept of a tangent line on the low energy side of the absorption curve. cSee
SI for CV graphs and description about how this irreversible potential was estimated. dCalculated
from the equation Egopt = 1240/onset. eCalculated from the equation E(S+/S*) = E(S+/S) - Egopt.
Optical Data
A Horiba QuantaMaster 8075‐ 21 Spectrofluorometer is used for all emission measurements.
Xenon lamp with a 1200 grooves/mm diffraction grating with a blaze angle for maximum
efficiency at 300 nm was used to select the excitation wavelength. Fluorescence emission was
collected at 90 degrees using another 1200 grooves/mm grating blazed at 400 nm and a photo‐
multiplier tube detector. Data were acquired using an integration time of 1 sec and a step size of 1
nm.
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Figure 56. UV and emission spectra for AP11 (top left), AP14 (top right), AP16 (bottom left),
and AP17 (bottom right) in dichloromethane at room temperature.
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Table 18. Emissive graph data for AP11, AP14, AP16, and AP17 with Egopt from the absorption
onset added for comparison to E(0-0) all in dichloromethane at room temperature.
maxemis E(0-0)
(nm,
(nm)
[eV])

Egopt
(nm,
[eV])

E(S+/S*) (from E(0parallel
0) and E(S+/S)
line method
)

AP11 370

568

-0.77

AP14 397

593

-0.89

-0.86

AP16 383

549

-1.20

-1.01

AP17 375

546

485,
[2.56]
500,
[2.48]
480,
[2.58]
460,
[2.70]
460,
[2.70]

E(S+/S*) (from
Egopt and
E(S+/S)parallel line
method
)
-0.72

-1.20

-1.09

---

-1.14

Dye

RR9

excitation
wavelength
(nm)

---

---

476,
[2.61]
493,
[2.51]
447,
[2.77]
442,
[2.81]
---

Figure 57. Absorption curve data for [Fe(bpy)3][PF6]2 and [Fe(bpy)3][PF6]3 in
MeCN with molar absorptivities of 9,500 M-1cm-1 at 521 nm and 7,300 M-1cm-1 at
374 nm, respectively.
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Device Fabrication and Data for AP dyes
Device Fabrication Protocol: Electrodes for solar cell devices, electrochemical
measurements, and absorption spectroscopy measurements all follow the same procedure until
noted below in italics. AP11, AP14, AP16, and AP17 DSC devices were prepared as follows: TEC
10 FTO glass (10 Ω/sq. sheet resistance: FTO [fluorine doped tin oxide]) was purchased from
Hartford Glass. Once scored into 2x2 cm squares, the substrate was submerged in a 0.2% Deconex
21 aqueous solution and sonicated for 15 minutes at room temperature. The electrodes were rinsed
with water and sonicated in acetone 10 minutes, followed by sonication in ethanol for 10 minutes.
Finally, the electrodes were placed under UV/ozone for 15 minutes (UV-Ozone Cleaning System,
Model Pro Cleaner by UVFAB Systems). A compact TiO2 under layer is then applied by
submerging the substrate in a 40 mM TiCl4 solution in water (prepared by carefully adding 99.9%
TiCl4 to water between 0-5 C). The submerged substrates (conductive side up) were heated for
30 minutes at 70oC. After heating, the substrates were rinsed first with water while warm and then
with ethanol. Active layer TiO2 (nanoparticle size, 38-31 nm, Dyenamo, DN-GPS-30TS) was
applied via screen printing with a Sefar screen (90/230–48W) to give a 2.7 μm layer thickness.
Electrodes for absorption spectroscopy and for electrochemical studies were complete at this stage.
The scattering layer of TiO2 (particle size, >100 nm, Solaronix R/SP) was applied via screen
printing with a Sefar screen (54/137–64W) to give a 4.5 μm layer thickness. Between each print,
the substrate was heated for 7 minutes at 125oC and the thickness was measured with a profilometer
(Alpha-Step D-500 KLA Tencor). After the TiO2 film was printed, the substrate was then sintered
with progressive heating from 125oC (5minute ramp from r.t., 5 minute hold) to 325oC (15 minute
150

ramp from 125oC, 5 minute hold) to 375 oC (5 minute ramp from 325 oC, 5 minute hold) to 450
o

C (5 minute ramp from 375 oC, 15 minute hold) to 500 oC (5 minute ramp from 450 oC, 15 minute

hold) using a programmable furnace (Vulcan® 3-Series Model 3-550). The cooled sintered
photoanode was soaked 30 min at 70oC in a 40 mM TiCl4 water solution and heated again at 500oC
for 30 minutes prior to sensitization. The complete working electrode was prepared by immersing
the TiO2 film into a room temperature dye solution for 4 hours for all AP dyes. The AP11, AP14,
AP16, and AP17 solutions for DSC devices is 0.5 mM of dye in 1:1 mixture of acetonitrile:tertbutyl alcohol. Relative to RR9, the AP dyes show increases solubility in acetonitrile:tert-butyl
alcohol and no chlorobenzene co-solvent was required.20c For preparing the counter electrode, 2x2
cm squares of TEC 7 FTO glasses were drilled using a Dremel-4000 with Dremel 7134 Diamond
Taper Point Bit from the taped FTO side. Electrodes were washed with water followed rinsing
with a 121:1 (v/v) mixture of EtOH:conc. aq. HCl, and sonication in acetone bath for 10 minutes.
PEDOTs counter electrodes were used for all DSC devices, and were made according to literature
procedure.81 These were prepared by slot printing a thin layer of Pt-paste (Solaronix, Platisol T/SP)
with a punched Scotch tape piece on the conductive side. The electrodes were then heated at 450°C
for 10 minutes. The photoanode and cathode were sealed with a 25 μm thick hot melt film (Surlyn,
Dupont) by heating the system at 130 oC under 0.15 psi pressure for 55 seconds. Devices were
completed by filling the cells with electrolyte through the pre-drilled holes in the counter
electrodes, and the holes were sealed with a Surlyn pre-cut circle and a thin glass cover by heating
at 130 oC under pressure 0.1 psi for 25 seconds. Fe(bpy)33+/2+ electrolytes were comprised of: ~0.25
M Fe(bpy)32+, 0.05 M Fe(bpy)33+, 0.1 M LiTFSI (TFSI = bis(trifluoromethanesulfonyl)imide), 0.5
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M TBP (TBP = 4-tert-butylpyridine), in acetonitrile. Note: the Fe(bpy)32+ is near saturation and
the electrolyte is filtered of any solids with a Nylon syringe filter (45 µm pores) before use. Finally,
soldered contacts were added with a MBR Ultrasonic soldering machine (model USS-9210) with
solder alloy (Cerasolzer wire diameter 1.6 mm, item # CS186-150). A circular black mask (active
area 0.15 cm2) punched from black tape was used in the subsequent photovoltaic studies.

Figure 58. IPCEs spectra for AP11 (top left), AP14 (top right), AP16 (bottom left), and AP17
(bottom right) based DSC devices with Fe(bpy)33+/2+, I-/I3- and Co(bpy)33+/2+.
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Figure 59. JVs spectra for AP11 (top left), AP14 (top right), AP16 (bottom left), and AP17
(bottom right) based DSC devices with Fe(bpy)33+/2+, I-/I3- and Co(bpy)33+/2+.
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Table 19. Summary of photovoltaic data from J-V and IPCE measurements with varying dyes and
electrolytes.
Dye

redox shuttle

AP11
AP11
AP11
AP14
AP14
AP14
AP16
AP16
AP16
AP17
AP17
AP17
RR9

Fe(bpy)33+/2+
I-/I3Co(bpy)33+/2+
Fe(bpy)33+/2+
I-/I3Co(bpy)33+/2+
Fe(bpy)33+/2+
I-/I3Co(bpy)33+/2+
Fe(bpy)33+/2+
I-/I3Co(bpy)33+/2+
Fe(bpy)33+/2+

Voc
(V)
1.26
440
730
1.32
545
781
1.29
564
792
1.27
570
803
1.42

JscJV
(mA/cm2)
3.5
3.7
3.9
3.4
6.1
5.8
3.1
4.7
3.5
2.9
5.3
4.3
2.8

JscIPCE
(mA/cm2)
3.5
3.4
4.0
3.5
7.2
5.6
3.4
5.1
3.5
3.2
5.6
4.2
2.7

FF
0.63
0.72
0.74
0.63
0.74
0.77
0.65
0.75
0.76
0.58
0.75
0.78
0.47

PCE
(%)
2.9
1.2
2.1
2.7
2.5
3.7
2.6
2.0
2.2
2.2
2.3
2.8
1.9

Table 20. Dye loading density studies as determined through desorption from photoanodes with
0.01 M TBAOH in DMF.
Dye
AP11
AP14
AP16
AP17

loading density
(mol/cm2)
4.08 x 10-7
4.45 x 10-7
3.14 x 10-7
4.45 x 10-7
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SC-XRD structure determination:
Complex 1: A yellow/orange block-like crystal having dimensions 0.096 x 0.088 x 0.074 mm3 is
secured to a Mitegen micromount using Paratone oil. Its single crystal X-ray diffraction data is
collected using Cu Kα1 radiation (= 1.54184 Å) at 100 K using a Rigaku Oxford Diffraction (ROD)
FR-X rotating anode generator and AFC-11 ¼-chi goniometer equipped with a HyPix-6000HE
hybrid photon counting (HPC) detector. Data collection strategies to ensure completeness and
desired redundancy are determined using CrysAlisPro.82 Data processing is done using CrysAlisPro
and included a multi-scan absorption correction applied using the SCALE3 ABSPACK scaling
algorithm.83 The structure is solved via intrinsic phasing methods using ShelXT84 and refined using
ShelXL85 in the Olex2 graphical user interface.86 Space group is unambiguously verified by
PLATON.87 Processing the data as a single crystal yielded completeness to IUCr resolution, but
higher than expected Rint values. Closer inspection of the diffraction images offered evidence of
twinning from possibly three components. Initial attempts to solve and refine using hkl4 and hklf5
files encompassing the three components yielded unsatisfactory results. Upon reducing to two
components, refinement statistics improved; however, the Rint remained high upon refinement
against the hklf5.

As the bulk of the reflections originated from component 1, structural

refinements of the model are completed using the hklf4. Regions of disorder within the two
ruthenium cations encompassing the asymmetric unit, specifically the phenyl rings of the pincer
ligand of cation 1 and a phenyl ring and the methoxy group bound to the pincer ligand of cation 2,
are modeled. The final structural refinement included anisotropic temperature factors on all nonhydrogen atoms and included a solvent mask (by Olex2)86 applied to a region of highly-disordered
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electron density, presumably associated with the presence of interstitial solvent. This finds one
void of 598.5 Å3, which contains 149.8 e-. This corresponds to 7 acetonitrile molecules per unit
cell. All hydrogen atoms are attached via the riding model at calculated positions using suitable
HFIX commands. Specific structure determination details are listed in Table 23.
Complex 2A, 2B and 3: Single crystals of appropriate dimension are mounted on a Mitgen
cryoloop in a random orientation. Preliminary examination and data collection are performed on a
Bruker ApexII CCD-based X-ray diffractometer equipped with an Oxford N-Helix Cryosystem
low temperature device and a fine focus Mo-target X-ray tube (λ = 0.71073 Å) operated at 1500
W power (50 kV, 30 mA). The X-ray intensities are measured at low temperature (223 (2) K). The
collected frames are integrated with the Saint88 software using a narrow-frame algorithm. Data are
corrected for absorption effects using the multi-scan method in SADABS.89 The space groups are
assigned using XPREP of the Bruker ShelXTL90 package, solved with ShelXT90 and refined with
ShelXL90 and the graphical interface ShelXle91 and Olex286. All non-hydrogen atoms are refined
anisotropically. H atoms attached to carbon are positioned geometrically and constrained to ride
on their parent atoms. Specific structure determination details are listed in Table 23 and 24.
Complex 2A is found to have a solvent accessible void with a volume of 454 Å3. Attempts
to model the remaining residual density are not successful, so the residual density is “SQUEEZED”
(i.e., applied a “solvent mask”) out using the PLATON program.92 The solvent accessible volume
is found to be 454 Å3. The electrons found in solvent accessible void is 112 e–, which corresponds
to approximately four ethanol molecules per unit cell.
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Complex 2B is found to have disorders in several sites. A positional disorder is found
around the Ru atom, where bipyridine and MeCN ligands exchange positions. Formally, the bipy
ligand rotates about 180o, one of its N atom (around N-Ru bond) and rebinds with Ru. At the same
time the MeCN ligand is liberated from the original site and rebinds with Ru where the other bipyN atom bound before rotation. SAME was used to make sure the second (minor) disordered moiety
has similar geometries to the major non-disordered moiety. Equivalent atoms of the two moieties
are constrained to have identical ADPs (EADP). One of the two triflate ligands is highly
disordered. It is triply disordered. It is modeled with the help of a plugin in ShelXle93 program,
namely the DSR94. Equivalent atoms of the three moieties are constrained to have identical ADPs
(EADP). The three moieties are restrained to have similar geometries (SAME). Uij components of
some disordered atoms are restrained to be similar (SIMU). SADI is employed in some atoms to
restrain them to have similar bond distances (SADI) between equivalent atoms. DFIX is used to
restrain certain bonds to target distances within designated estimated standard deviation. RIGU is
also used globally to make sure all the atoms are subjected to rigid bond restraint.
Complex 3 is found to have two disorders in the free solvent CH3CN and the counter-anion
(CF3SO3-), respectively. The free solvent CH3CN is found doubly disordered. Restraints are
applied onto one of the disordered CH3CN to make all atoms have similar Uij components (SIMU),
and they are restrained to have sensible bond distances of a normal CH3CN (DFIX). All the atoms
are subjected to rigid bond restraint (RIGU). The hydrogens on one of the disordered CH3CN
moiety are not placed, as theoretically placed hydrogens turned out to be unstable during
refinement. The counter-anion is also found to be disordered in two folds. Similarly, restraints
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(SIMU) are applied to the disordered CF3SO3- moiety to make all atoms have similar Uij
components. DFIX and SADI are also applied to make sure within the triflate moiety all bonds are
sensible and similar bonds have similar distances. SAME is used to make sure respective
disordered moieties have similar geometries.

Scheme 6: The synthesis of complex 1 proceeds via 2,6-dibromopyridine to 1a to 1b to 1c to 1d
to 1. Reagents: a) [{Ir(COD)Cl}2], pinacolborane, DPPE, THF; b) K-Oxone, H2O; c) K2CO3, MeI,
acetone; d) N1-phenylbenzene-1,2-diamine, Pd(OAc)2, Josiphos (CyPF-tBu), NaOtBu, 1,2-DME;
e) HC(OEt)3, CF3SO3H; f) [{Ru(p-Cym)Cl2}2], Cs2CO3, acetonitrile.
2,6-dibromopyridin-4-ol (1a): This compound is synthesized following a modified literature
procedure.95 In a typical synthesis, a Schlenk flask is loaded with 2,6-dibromopyridine (1.0 g,
4.221 mmol, 1.0 equiv.), pinacolborane (1.3 mL, 8.442 mmol, 2.0 equiv.), [Ir(COD)Cl]2 (28mg,
1mol%), DPPE (34 mg, 2 mol %), dry THF (10 mL) and a stir-bar inside a glove-box. The flask
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is sealed with a rubber septum and taken out of the glove-box. Then the flask is connected to a
Schlenk line under N2 and the reaction mixture is heated at 80°C while stirring for 16 hours. After
cooling to room temperature, an aqueous solution (20 mL) of K-Oxone (2.8 g, 9.109 mmol, 2.2
equiv.) is added slowly, stirring continued for 10 minutes. Then saturated aqueous solution (20
mL) of NaHSO3 is added to quench the excess K-oxone. Resulting mixture is extracted with ethyl
acetate (3 x 30 mL), combined ethyl acetate part is washed with brine, dried over anhydrous
MgSO4, filtered and evaporated to get the crude product. Crude is purified by column
chromatography (silica gel) using 0-30% ethyl acetate in hexane as eluent to obtain the product
(1a) as white solid (0.99 g, 3.915 mmol) with 92 % yield. Chemical shifts (1H-NMR) are identical
as reported in the literature. 96
2,6-dibromo-4-methoxypyridine (1b):
In a typical synthesis, a Schlenk flask is loaded with 2,6-dibromopyridin-4-ol (1g, 3.954 mmol,
1.0 equiv.), K2CO3 (1.09 g, 7.908 mmol, 2.0 equiv.), acetone (20 mL) and a stir-bar. The flask is
sealed with a rubber septum and connected to a Schlenk line under N2. Iodomethane (0.49 mL,
7.908 mmol, 2.0 equiv.) is added using a syringe through the septum. Then the reaction mixture is
heated at 55°C while stirring for five hours. After cooling to room temperature, the mixture is
filtered through a celite plug. After removal of solvent, crude product is layered between water (10
mL) and ethyl acetate (20 mL) and separated. Aqueous part is further extracted with ethyl acetate
(2x20 mL), combined ethyl acetate part is washed with brine, dried over anhydrous MgSO4,
filtered and concentrated to obtain the product (1b) as white solid (0.95 g, 3.559 mmol) with 90%
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yield.97 1H-NMR (500 MHz, CDCl3, ppm): δ 6.97 (s, 2H), 3.85 (s, 3H). 46b13C-NMR (126 MHz,
CDCl3, ppm): δ 167.73, 141.25, 113.56, 56.21.
N1, N1’-(4-methoxypyridine-2,6-diyl)bis(N2-phenylbenzene-1,2-diamine) (1c):
This compound is synthesized by palladium catalyzed amination reaction.98 In a typical synthesis,
a Schlenk flask is loaded with 2,6-dibromo-4-methoxypyridine (1.2g, 4.496mmol, 1.0equiv.), N1phenylbenzene-1,2-diamine (1.66 g, 8.992 mmol, 2.0 equiv.), Pd(OAc)2 (2 mg, 0.2 mol %), (R)1-[(SP)-2-(dicyclohexylphosphino)ferrocenyl]ethyldi-tert-butylphosphine (10 mg, 0.4 mol %),
NaOtBu (2.6 g, 26.976 mmol, 6.0 equiv.), 1,2-DME (40 mL) and a stir-bar inside a glove-box.
The flask is sealed with a rubber septum and taken out of the glove-box. Then the flask is connected
to a Schlenk line under N2 and the reaction mixture is heated at 80 °C while stirring for 40 hours.
After cooling to room temperature, the reaction mixture is filtered through a silica bed with ethyl
acetate (100 mL). Filtrate is concentrated and crude is purified by column chromatography (silica
gel, packed with 1 % Et3N in hexane) twice to obtain the product (1c) as dark green solid (0.89 g,
1.881 mmol) with 42 % yield. 1H-NMR (CDCl3, 500 MHz, ppm): δ 7.49 (d, 2H, JHH = 7.5 Hz);
7.31 (d, 2H, JHH = 8.0 Hz); 7.23 (t, 4H, JHH = 7.5 Hz); 7.07 (t, 2H, JHH = 7.5 Hz); 6.96 (d, 6H, JHH
= 7.5 Hz); 6.91 (t, 2H, JHH = 7.5 Hz); 6.27 (bs, 2H); 5.90 (bs, 2H); 5.59 (s, 2H); 3.59 (s, 3H).
C-NMR (CDCl3, 126 MHz, ppm): δ 169.44, 157.79, 143.43, 137.90, 130.60, 129.37, 125.54,

46b13

125.35, 121.94, 121.08, 118.61, 118.16, 84.95, 55.06. LRMS (EI) calculated for C30H27N5O: 473.2,
found 473.2.
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1,1'-(4-methoxypyridine-2,6-diyl)bis(3-phenyl-1H-benzo[d]imidazol-3-ium)triflate (1d):47c
A round bottomed flask, fitted with a condenser is loaded with N1,N1'-(4-methoxypyridine-2,6diyl)bis(N2-phenylbenzene-1,2-diamine) (300 mg, 0.631 mmol, 1.0 equiv.), triethyl orthoformate
(10 mL) and a stir-bar. Trifluoromethane sulfonic acid (0.3 mL) is added using a syringe through
the septum and the reaction mixture is heated at 80 °C while stirring. When temperature reached
80 °C, additional trifluoromethane sulfonic acid (0.1 mL) is added and heating continued while
stirring for one hour. Then the reaction mixture is cooled to room temperature, some solid
precipitated at the bottom of the flask. Diethyl ether (30 mL) is added to the reaction mixture and
stirred for 30 mins, more solid precipitated. Supernatant liquid is decanted. Solid is washed with
mixed solvent (ethanol, 1 mL and diethyl ether, 10 mL) three times to obtain the product (1d) as
purple/ash solid (380 mg, 0.479 mmol) with 75 % yield. 1H-NMR (DMSO-d6, 500 MHz, ppm): δ
10.99 (s, 2H); 8.58 (d, 2H, JHH = 8.0 Hz); 8.07 (s, 2H); 8.02-7.98 (m, 6H); 7.89-7.80 (m, 10H);
4.21 (s, 2H). 46b13C-NMR (DMSO-d6, 126 MHz, ppm): δ 170.52; 147.83; 143.26; 132.71; 131.68;
131.21; 130.58; 129.68; 128.25; 125.53; 120.65(q, JCF = 324 Hz); 116.15; 114.00; 104.97; 57.76.
In 13C-NMR two resonances overlapped. 19F-NMR (DMSO-d6, 339 MHz, ppm): δ -77.76. HRMS
(ESI) calculated for C32H24N5O(M-2triflate-proton): 494.1981, found 494.1876.
Ru-[{BIm(Ph)-py(4-OMe)-BIm(Ph)}(CH3CN)2Cl]triflate (1):65a
A Schlenk flask is loaded with [Ru(p-Cym)Cl2]2 (49 mg, 0.080 mmol, 1.0 equiv.), 1,1'-(4methoxypyridine-2,6-diyl)bis(3-phenyl-1H-benzo[d]imidazol-3-ium)triflate

(140

mg,

0.176

mmol, 2.2 equiv.), Cs2CO3 (169 mg, 0.520 mmol, 6.5 equiv.) and a stir-bar. The flask is filled with
acetonitrile (10 mL) from SPS, connected to a Schlenk line under N2 and sealed with a rubber
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septum. Then the reaction mixture is stirred while heating at 70°C for four hours, followed by
stirring at room temperature for 16 hours. Reaction mixture is filtered through a silica plug and the
silica plug is washed with acetonitrile until the filtrate runs colorless. Filtrate is concentrated to
obtain brownish yellow solid which is washed with acetonitrile (1 mL) and diethyl ether (5mL)
two times to obtain the product (1) (90 mg, 0.104 mmol) as bright yellow solid with 65 % yield.
Single crystal is grown by slow vapor diffusion of diethyl ether into acetonitrile solution of the
compound. 1H-NMR (DMSO-d6, 500 MHz, rt): δ 8.63 (d, 2H, JHH = 8.0 Hz); 7.90 (s, 2H); 7.847.83 (m, 4H); 7.72 (t, 4H, JHH = 7.5 Hz); 7.66-7.61 (m, 4H); 7.55 (t, 2H, JHH = 7.5 Hz); 7.41 (d,
2H, JHH = 8.0 Hz); 4.36 (s, 3H); 2.11 (s, 3H); 1.62 (s, 3H). 19F-NMR (DMSO-d6, 339 MHz, rt): δ
-77.75. HRMS (ESI) calculated for C36H29N7OClRu (M-triflate): 712.1165, found 712.1163. Anal.
calculated for C74H60N14O9F6S2Cl2Ru2 (2M + H2O): C-51.06, H-3.47, N-11.27; found C-51.08, H3.52, N-11.11. FT-IR (ATR, cm-1): 3067.60, 2979.19, 2928.49, 2277.89, 1627.63, 1594.86,
1561.75, 1503.24, 1480.38, 1454.70, 1423.63, 1389.49, 1333.65, 1261.39, 1249.77, 1216.51,
1177.48, 1145.45, 1111.25, 1075.51, 1028.35, 999.07, 957.75, 943.86, 891.61, 848.51, 820.59,
762.16, 741.06, 706.18, 694.28, 677.22, 636.17, 601.44, 583.42, 571.48, 515.97, 492.36, 445.94,
426.59.
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Scheme 7. Syntheses of complex 2A, Ru-[{BIm(Me)-py(4-OMe)-BIm(Me)}(bipy)Cl]triflate and
2B, Ru-[{BIm(Me)-py(4-OMe)-BIm(Me)}(bipy)(CH3CN)]ditriflate from 1d. Reagents: a)
Ru(bipy)Cl4, ethylene glycol, saturated aqueous NH4Cl solution; b) zinc granules, ethanol; c) silver
trifluoromethanesulfonate, acetonitrile.
Ru-[{BIm(Ph)-py(4-OMe)-BIm(Ph)}(bipy)Cl]triflate (2A):99
Inside a glove-box, a Schlenk flask is loaded with Ru(bipy)Cl4 (100mg, 0.250 mmol, 1.0 equiv.),
1,1'-(4-methoxypyridine-2,6-diyl)bis(3-phenyl-1H-benzo[d]imidazol-3-ium)triflate

(220

mg,

0.275 mmol, 1.1 equiv.), ethylene glycol (2 mL) and a stir-bar. The flask is sealed with a rubber
septum and taken out of the glove-box. Then the reaction mixture is refluxed while stirring for one
and half hours. After cooling to room temperature, saturated aqueous NH4Cl solution (2 mL) is
added to the reaction mixture. A red-brown solid is precipitated out, solid is collected over a
Büchner funnel through filtration, washed with water and dried under vacuum. Then a separate
Schlenk flask is loaded with the dried solid, zinc granules (21 mg, 0.325 mmol, 1.3 equiv.), ethanol
(20 mL) and a stir-bar. The flask is connected to a Schlenk line under N2 and the reaction mixture
is refluxed while stirring for one hour. After cooling to room temperature, solvent is evaporated,
crude is dissolved in acetonitrile and filtered through an alumina (neutral) plug. Filtrate is
concentrated to dryness to obtain the product (2A) (140 mg, 0.150 mmol) as red-orange solid with
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60 % yield. It is purified by recrystallization from vapor diffusion of diethyl ether into acetonitrile
solution of the compound. Single crystal is grown by slow vapor diffusion of diethyl ether into
ethanol solution of the compound. 1H-NMR (DMSO-d6, 500 MHz, rt): δ 9.11 (d, 1H, JHH = 5.5
Hz); 8.66 (d, 2H, JHH = 8.0 Hz); 8.18 (d, 1H, JHH = 8.0 Hz); 8.06 (s, 2H); 7.82 (d, 1H, JHH = 7.5
Hz); 7.76 (t, 1H, JHH = 7.5 Hz); 7.57-7.54 (3H, merged peaks); 7.48 (t, 1H, JHH = 8.0 Hz); 7.41 (t,
2H, JHH = 8.0 Hz); 7.29 (bs, 2H); 7.17 (s, 4H); 7.05-6.97 (6H, merged peaks); 6.37 (bs, 2H); 4.42
(s, 3H). 19F-NMR (DMSO-d6, 339MHz, rt): δ -77.74. HRMS (ESI) calculated for C42H31N7OClRu
(M-triflate): 786.1322, found 786.1330. Anal. calculated for C43H33N7O5F3SClRu (M+H2O): C54.17, H-3.49, N-10.28; found C-53.82, H-3.52, N-10.22. FT-IR (ATR, cm-1): 3504.19, 3068.43,
2100.53, 1961.19, 1625.67, 1592.73, 1558.04, 1502.12, 1475.48, 1445.46, 1419.85, 1383.26,
1361.32, 1331.81, 1247.87, 1213.83, 1144.55, 1109.11, 1065.97, 1028.12, 997.73, 956.86, 943.84,
889.43, 839.80, 813.82, 757.36, 745.83, 695.81, 674.09, 662.41, 635.72, 620.62, 598.92, 572.57,
516.08, 492.46, 420.67.
Ru-[{BIm(Ph)-py(4-OMe)-BIm(Ph)}(bipy)(CH3CN)]ditriflate (2B):99
A Schlenk flask is loaded with Ru-[{BIm(Ph)-py(4-OMe)-BIm(Ph)}(bipy)Cl]triflate (100mg,
0.107mmol, 1.0equiv.), silver trifluoromethanesulfonate (28 mg, 0.107 mmol, 1.0equiv.),
acetonitrile (25 mL) and a stir-bar. The flask is connected to a Schlenk line under N2 and the
reaction mixture is heated at 80°C while stirring for three hours. After cooling to room temperature,
the reaction mixture is filtered through a celite plug with more acetonitrile until the filtrate runs
colorless. Filtrate is evaporated to dryness and the solid is washed with acetonitrile (1mL) and
diethyl ether (5mL) three times to obtain the product (2B) (90 mg, 0.082 mmol) as yellow-orange
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solid with 77 % yield. 1H-NMR (DMSO-d6, 500MHz, rt): δ 8.72 (d, 2H, JHH = 8.0 Hz); 8.43 (d,
1H, JHH = 5.5 Hz); 8.27 (d, 1H, JHH = 8.0 Hz); 8.12 (s, 2H); 7.93-7.87 (2H, merged peaks); 7.637.58 (3H, merged peaks); 7.49-7.45 (3H, merged peaks); 7.40 (bs, 2H) ; 7.22-7.16 (5H, merged
peaks); 7.03-7.00 (3H, merged peaks); 6.95 (bs, 2H); 6.40 (bs, 2H); 4.46 (s, 3H); 2.34 (s, 3H). 19FNMR (DMSO-d6, 339 MHz, rt): δ -77.74. HRMS (ESI) calculated for C45H34N8O4F3SRu (Mtriflate): 941.1419, found 941.1421. Anal. calculated for C46H34N8O7F6S2Ru (M): C-50.69, H-3.14,
N-10.28; found C-50.40, H-3.12, N-10.13. FT-IR (ATR, cm-1): 3646.23, 3471.05, 3076.61,
2284.94, 2090.52, 1895.82, 1631.65, 1593.61, 1564.68, 1501.69, 1479.63, 1446.75, 1424.28,
1389.63, 1360.74, 1335.47, 1254.83, 1216.20, 1184.31, 1137.93, 1111.15, 1071.36, 1028.66,
999.50, 945.75, 892.31, 820.23, 756.96, 742.54, 706.45, 693.66, 664.26, 633.98, 601.13, 581.76,
571.30, 515.55, 489.19, 417.14.
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Synthesis of complex 3:

Scheme 8. In the synthesis of 3, the starting material 2,6-difluoro-4-methoxypyridine is converted
to 3a and then 3b and finally to 3, Ru-[{BIm(Me)-py(4-OMe)-BIm(Me)}(CH3CN)2Cl]triflate.
Reagents: a) 1H-benzo[d]imidazole, K2CO3, DMF; b) methyl trifluoromethanesulfonate, DMF; c)
[{Ru(p-Cym)Cl2}2], Cs2CO3, acetonitrile.
1,1'-(4-methoxypyridine-2,6-diyl)bis(1H-benzo[d]imidazole) (3a):
A Schlenk flask is loaded with 2,6-difluoro-4-methoxypyridine (1.0g, 6.891 mmol, 1.0 equiv.),
1H-benzo[d]imidazole (1.71 g, 14.472 mmol, 2.1 equiv), K2CO3 (3.81 g, 27.564 mmol, 4.0 equiv)
and a stir-bar. The flask is filled with DMF (20 mL) from SPS. Then the flask is connected to a
Schlenk line under N2 and sealed with a rubber septum. The reaction mixture is stirred while
heating at 80°C for 16 hours. After cooling to room temperature, the reaction mixture is diluted
with ice cooled water (20 mL) and extracted with ethyl acetate (3 x 50 mL). Combined ethyl acetate
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part is washed with brine, dried over anhydrous MgSO4, filtered and concentrated to get crude
product. Crude is purified by column (silica gel) chromatography using 0-10 % methanol in
dichloromethane as eluent to obtain the product (3a) as white solid (1.69g, 4.951mmol) with 72%
yield. 1H-NMR (CDCl3, 500 MHz, ppm): δ 8.61 (s, 2H); 8.04 (m, 2H); 7.88 (m, 2H); 7.37 (dd, 4H,
JHH = 6.0 Hz, JHH = 3.0 Hz); 7.01 (s, 2H); 4.04 (s, 3H). 46b13C-NMR (CDCl3, 126 MHz, ppm): δ
170.04, 150.67, 144.93, 141.33, 132.05, 124.66, 123.75, 121.00, 112.93, 97.86, 56.39.

1,1'-(4-methoxypyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium) triflate (3b):100
A Schlenk flask is loaded with 1,1'-(4-methoxypyridine-2,6-diyl)bis(1H-benzo[d]imidazole) (800
mg, 2.343 mmol, 1.0equiv) and a stir-bar. The flask is filled with DMF (20mL) from SPS. Then
the flask is connected to a Schlenk line under N2 and sealed with a rubber septum. Methyl
trifluoromethanesulfonate (1.03 mL, 9.372 mmol, 4.0 equiv) is added to the reaction mixture using
a syringe through the septum. Then the reaction mixture is stirred at room temperature for 16 hours.
After 16 hours, the reaction mixture is concentrated to about 10 mL and diluted with
dichloromethane (20 mL) and diethyl ether (20mL) which resulted in a suspension. Resulting
suspension is stirred for 10 minutes then filtered over a fritted-funnel to obtain the product (3b) as
white solid (1.2 g, 1.792 mmol) with 76 % yield. 1H-NMR (DMSO-d6, 360 MHz, ppm): δ 10.56
(s, 2H); 8.43 (d, 2H, JHH = 8.3 Hz); 8.20 (d, 2H, JHH = 8.3 Hz); 7.88 (s, 2H); 7.83 (t, 2H, JHH = 7.9
Hz); 7.74 (t, 2H, JHH = 7.9 Hz); 4.26 (s, 6H); 4.17 (s, 3H). 46b13C-NMR (DMSO-d6, 126 MHz,
ppm): δ 170.48; 147.81; 143.29; 132.24; 129.40; 127.90; 127.34; 120.65 (q, JCF = 324 Hz); 115.62;
114.14; 104.33; 57.60; 33.92. 19F-NMR (DMSO-d6, 339MHz, rt): δ -77.76.
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Ru-[{BIm(Me)-py(4-OMe)-BIm(Me)}(CH3CN)2Cl]triflate (3):65a
A Schlenk flask is loaded with [Ru(p-Cym)Cl2]2 (25 mg, 0.041 mmol, 1.0 equiv.), 1,1'-(4methoxypyridine-2,6-diyl)bis(3-methyl-1H-benzo[d]imidazol-3-ium) triflate (60mg, 0.090mmol,
2.2 equiv), Cs2CO3 (87 mg, 0.266 mmol, 6.5 equiv.) and a stir-bar. The flask is filled with
acetonitrile (10 mL) from SPS, connected to a Schlenk line under N2 and sealed with a rubber
septum. Then the reaction mixture is stirred while heating at 40 °C for one hour. After cooling to
room temperature, reaction mixture is filtered through a neutral alumina plug and the alumina plug
is washed with acetonitrile until the filtrate runs colorless. Filtrate is concentrated to obtain
brownish yellow solid which is washed with acetonitrile (1mL) and diethyl ether (5mL) three times
to obtain the product as yellow solid (10 mg, 0.014 mmol) with 16 % yield. Single crystal is grown
by slow vapor diffusion of diethyl ether into acetonitrile solution of the compound. 1H-NMR
(DMSO-d6, 500 MHz, ppm): δ 8.50 (d, 2H, JHH = 8.0 Hz); 7.94 (d, 2H, JHH = 8.0 Hz); 7.75 (s, 2H);
7.62 (t, 2H, JHH = 7.5 Hz); 7.57 (t, 2H, JHH = 7.5 Hz); 4.41 (s, 6H); 4.29 (s, 3H); 2.84 (s, 3H); 2.07
(s, 3H). 19F-NMR (DMSO-d6, 339MHz, rt): δ -77.76. HRMS (ESI) calculated for C26H25N7OClRu
(M-triflate): 588.0853, found 588.0856. Anal. calculated for C27H25N7O4F3SClRu (M): C-43.99,
H-3.42, N-13.30; found C-44.10, H-3.52, N-13.10. FT-IR (ATR, cm-1): 2990.34, 2929.47, 2277.11,
1632.70, 1596.78, 1562.57, 1464.97, 1459.54, 1440.31, 1386.63, 1329.01, 1272.48, 1251.97,
1218.66, 1195.26, 1153.18, 1091.77, 1064.29, 1027.08, 970.26, 948.70, 928.04, 890.42, 849.10,
828.44, 786.17, 747.70, 738.27, 672.15, 634.20, 588.28, 571.91, 547.58, 516.51, 434.56.
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Photocatalysis General Information:

A 150 W xenon lamp solar simulator (class: ACA, ScienceTech, SF150C) fitted with an AM1.5G
filter was used as the light source for the photocatalytic experiments. The photocatalytic reaction
vessel was set at a distance equaling 1 sun intensity (typically between 10 and 9 cm from the
source) and calibrated before each experiment with a power meter. Head space analysis was
performed using a gas tight syringe with stopcock (VICI, series A-2) and an Agilent 7890B gas
chromatograph equipped with an Agilent PorapakQ 6ft, 1/8 O.D. column. Quantitation of CO and
CH4 were made using an FID detector with the gasses passing through a methanizer, while H2 was
analyzed for using a TCD detector. No significant H2 or CH4 was observed in these studies. All
reported values are the average of two experiments typically within ± 5%. The lines added to the
TON versus time plots are only to aid the eye in tracking data points and are not intended to imply
any additional information. All calibrations of the FID and TCD detectors were done using
standards purchased from BuyCalGas.com. Acetonitrile (MeCN) was freshly distilled prior to use.

Example Photocatalysis Procedure:
BIH (0.05 g, 0.2 mmol), MeCN (6.0 mL), and catalyst (0.2 mL from a 1 × 10-3 M in MeCN solution)
were added to a 17 mL Pyrex test tube. The solution was bubbled vigorously with CO2 for at least
15 minutes until the solution volume reached 1.9 mL and then 0.1 mL of degassed TEA was added
to the mixture. The reaction vessel was sealed under CO2 with a rubber septum and irradiated with
a solar simulator set to 1 sun intensity as the headspace was periodically sampled. The reaction
vessels were left at room temperature during irradiation with no added cooling or heating.
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Sampling the temperature of the reaction vessel while heating shows no significant change in
temperature from room temperature. Samples were taken from the headspace in 0.3 mL volumes
with a valved gas tight syringe. The volume was compressed to 0.25 mL inside the syringe while
sealed. The syringe needle tip was then submerged in diethyl ether and the valve opened to
normalize the pressure within the syringe between timepoints to avoid any variation in the pressure
above the reaction vessel. In all cases, gas is observed to bubble through the diethyl ether solvent
indicating a positive pressure was inside the syringe. The syringe valve is then sealed, the needle
is removed from diethyl ether, the 0.25 mL volume is injected into the GC. The GC response is
calibrated with a known standard at 50 ppm CO (BuyCalGas.com, Part #: 34LS-301) with the
standard injected using the same protocol as above concerning the syringe pressure. A <1%
variation is observed for the calibration gas during injections with this method. For the reaction,
the headspace is expanded each time a sample is taken by 0.3 mL and this volume change is
accounted for in the calculation for determining the total CO content within the headspace. For the
reactions in the manuscript, H2 and CH4 are both analyzed for along with CO from the same sample
injected and no significant quantities of these were formed during the reaction.

Cyclic Voltammetry General Information:
Measurements were conducted at 1 mM concentration of catalyst in MeCN with 0.1 M
tetrabutylammonium hexafluorophosphate with a sweep rate of 100 mV/s. The electrodes used are:
glassy carbon (working), platinum (counter), and Ag/AgCl (reference). Ferrocene was used as a
standard to calibrate the reference electrode. The N2 or CO2 atmospheres were added by degassing
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though the solvent mixture. Before degassing, the solvent level was marked in the electrochemical
chamber, and excess pure MeCN was added (~3 mL). The sample was degassed through an exit
needle until the solvent level had returned to the original volume.

Figure 60. ORTEP diagram of complexes 1, 2A, 2B, 3, and 465a with hydrogen atoms and
counter-anions removed for clarity. Thermal ellipsoids are drawn at the 50% probability level.
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Table 21. Comparison of some selected bond lengths (in Å) in four complexes.
Ru-Cavg.

Ru-Cl

Ru-N3

Ru-N6

Ru-N7

C6-O1(A)

2.032(5)

2.402(3)

1.991(9)

2.037(10)

2.026(8)

1.349(1)

Complex 2A

2.034(6)

2.453(2)

2.006(4)

2.057(6)

2.034(4)

1.350(9)

Complex 2B

2.050(6)

-

2.013(3)

2.054(7)

1.998(7)

1.339(5)

Complex 3

2.040(3)

2.417(5)

1.996(1)

2.056(1)

2.012(1)

1.347(2)

2.062(3)

2.4300(6)

2.000(1)

2.045(1)

2.003(2)

1.350(2)

Complex 1

Complex 4
a

a

65a

average of twin crystals.

Table 22. Comparison of bond angles (in °) involving the ruthenium center in four complexes.
C-Ru-Clavg.

Complex

1a

Complex 2A

C-Ru-

C-Ru-

C-Ru-

N3avg.

N6avg.

N7avg.

88.4(1)

78.2(2)

101.9(2)

88.75(2)

77.7(3)

-

Complex 2B

a

Cl-Ru-N3

Cl-Ru-N6

N3-Ru-N7

N6-Ru-N7

92.3(2)

91.6(3)

91.4(3)

92.1(4)

84.9(4)

102.4(3)

92.5(3)

88.1(1)

95.5(1)

97.9(2)

78.5(2)

77.7(1)

102.3(6)

91.4(2)

97.1(3)

79.4(5)

-

-

Complex 3

89.4 (1)

78.2(1)

101.9(1)

91.1(1)

92.52(4)

90.87(4)

90.0(1)

86.8 (1)

Complex 465a

89.9(1)

77.7 (1)

102.3(1)

91.1(1)

89.54(4)

91.77(4)

94.9(1)

83.8(1)

average of twin crystals.

Table 23. Comparison of torsion angles (in °) in complex 1 and 3.
C7-C8-N4-

C7-C8-N4-

N3-C8-

N3-C8-

C5-C4-N2-

C5-C4-N2-

N3-C4-

N3-C4-

C9

C11

N4-C11

N4-C9

C3

C1

N2-C1

N2-C3

Complex 1

-7.32

178.69

-1.14

172.85

4.48

173.48

5.90

176.14

Complex 3

-8.76

173.09

-5.67

172.48

3.39

177.37

2.27

176.98

Summary of distortion in complex 1 and 3: The ruthenium center is coordinated by the CNC
pincer in a meridional fashion. Ideally, ruthenium and all the atoms from pyridine and
benzimidazole rings should be exactly on the CNC plane. Nevertheless, both the complexes 1 and
3 are slightly distorted from an ideal geometry. One would expect the distortion to be more
pronounced in 1 compared to 3, as the methyl wing-tips in the latter are replaced by phenyl in the
former. However, an inspection of the crystal structures shows that the metal center is only 0.05
Å and 0.08 Å off the plane (defined by C1-N3-C11) in 3 and 1 respectively. On an average, N’s
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from the benzimidazole rings are 0.05 Å off in 3 and 0.07 Å off in 1. Distortion is slightly more in
1 compared to 3, for the wing-tip C’s (C12 and C14) 0.10 Å off the plane in 3 and 0.19 Å in 1 on
average. Distortion of pyridine C’s are similar in both the complexes. Though average distortion
of annulated benzene C’s from the plane are similar in 1 and 3, surprisingly one of the rings is
more distorted than the other within both the complexes and it is evident in greater extent in 3
rather than in 1.
Table 24. Selected metric parameters for the crystal structures of complexes 1 and 3.
Complex 1

Complex 3

2(C36H29N7OClRu).

(C26H25N7OClRu).(CF3SO3).

2(CF3SO3).3.5(CH3CN)

(CH3CN)

Mr

1722.50

775.15

Space group

Triclinic, P¯1

Triclinic, P¯1

Temperature(K)

100 K

223 K

a = 14.5966 (4) Å α = 102.470 (2)°

a = 8.1281 (4) Å

b = 15.8286 (3) Å β = 110.847 (2)°

b = 14.8685 (7) Å β = 75.605 (2)°

c = 19.0596 (4) Å γ = 90.670 (2)°

c = 15.2479 (7) Å γ = 76.201 (2)°

V(Å3)

3999.27 (17)

1640.22 (14)

Z

2

2

Radiation type

Cu Kα1 radiation, λ = 1.54184 Å

Mo Kα radiation, λ = 0.71073 Å

µ(mm-1)

4.80

0.69

Crystal size (mm x mm x mm)

0.096 × 0.088 × 0.074

0.17 × 0.13 × 0.08

XtaLAB AFC11 (RCD3): quarter-

Bruker AXS SMART APEX2

chi single diffractometer

CCD diffractometer

Multi-scan CrysAlis PRO 1.171.40.1d

Multi-scan

(Rigaku Oxford Diffraction, 2018)

SADABS V2012/1 (Bruker AXS Inc)

Crystal data
Chemical formula

Unit cell dimensions

α = 68.683 (2)°

Data collection
Diffractometer

Absorption correction

Empirical absorption correction using
spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm
No. of measured,

51586

69602

independent and

12002

9970
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observed [with I > 2σ(I)]

9532

8760

Rint

0.068

0.035

θmax, θmin

61.2°, 4.6°

30.7°, 1.5°

R [ F2 > 2σ(F2)

0.084

0.030

wR(F2)

0.240

0.080

S

1.09

1.04

No. of reflections

12002

9970

No. of parameters

1007

530

No. of restraints

168

142

H-atom treatment

Constrained

Constrained

Δρmax, Δρmin (e

3.82, -1.29

0.40, -1.47

reflections

Refinement

Å-3)

Table 25. Selected metric parameters for the crystal structures of complexes 2A and 2B.
Complex 2A

Complex 2B

(C42H31N7OClRu).(CF3SO3)

C44H34N8ORu·0.227(C2F6O6S2)·1.546(CF3O3

Crystal data
Chemical formula

S)·C2H3N
Mr

935.33

1131.05

Space group

Monoclinic, P21/n

Monoclinic, P21/n

Temperature(K)

223 K

223 K

a = 17.5826 (10) Å

a = 10.2807 (5) Å

b = 14.1396 (10) Å β = 116.529 (3)°

b = 19.7308 (9) Å

c = 18.5775 (11) Å

c = 23.6763 (11) Å

V(Å3)

4132.3 (5)

4745.4 (4)

Z

4

4

Radiation type

Mo Kα radiation, λ = 0.71073 Å

Mo Kα radiation, λ = 0.71073 Å

µ(mm-1)

0.56

0.51

Crystal size (mm x mm x mm)

0.10 × 0.05 × 0.03

0.11 × 0.11 × 0.04

Bruker AXS SMART APEX2

Bruker AXS SMART APEX2

CCD diffractometer

CCD diffractometer

Multi-scan

Multi-scan

Unit cell dimensions

β = 98.857 (2)°

Data collection
Diffractometer

Absorption correction
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SADABS V2012/1 (Bruker AXS Inc)

SADABS V2012/1 (Bruker AXS Inc)

No. of measured,

50508

61675

independent and

8132

9353

observed [with I > 2σ(I)]

5562

7277

Rint

0.085

0.059

θmax, θmin

26.0°, 1.3°

26.0°, 1.7°

R [ F2 > 2σ(F2)

0.060

0.053

wR(F2)

0.176

0.135

S

1.06

1.04

No. of reflections

8132

9353

No. of parameters

542

831

No. of restraints

0

1837

H-atom treatment

Constrained

Constrained

Δρmax, Δρmin (e

2.02, -0.39

0.76, -0.76

reflections

Refinement

Å-3)

Figure 61. Normalized absorption spectrum for 2B before, during, and after photolysis. The
absorption curve for RuII(bpy)32+ in CH3CN is added to confirm this is not being synthesized
during the reaction since some Ru-complex capable of CO2 reduction have been shown to
photodissociate ligands to synthesize PSs (Declan Mulhern, Thesis, Dublin City University, 2003)
as has been observed for prior cases. We note that the formation of Ru(bpy)32+ could only occur
with complexes 2A and 2B. Given the absence of an induction period for either of these catalysts
and the absence of Ru(bpy)32+ in the mixture via UV, it is unlikely this PS is being formed during
the reaction.
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Figure 62. Cyclic voltammetry curves for 1 under N2 (red) and CO2 (black). The green lines and
arrow illustrate how the reduction onset potential is reported.

Figure 63. Differential pulse voltammetry (DPV) curves for 1 mM of 1 under N2. The electrolyte
is 0.1 M Bu4NPF6 in CH3CN with scan rate of 20 mV/s. Ferrocene was used as an internal standard
to estimate the reduction potentials with a glassy carbon working electrode, Ag wire reference,
and Pt counter electrodes.
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Figure 64. Cyclic voltammetry curves for 2A under N2 (black) and CO2 (red). The green lines and
arrow illustrate how the reduction onset potential is reported. The blue lines indicate the current
increase under CO2 relative to N2.

Figure 65. Differential pulse voltammetry (DPV) curves for 1 mM of 2A under N2. The electrolyte
is 0.1 M Bu4NPF6 in CH3CN with scan rate of 20 mV/s. Ferrocene was used as an internal standard
to estimate the reduction potentials with a glassy carbon working electrode, Ag wire reference,
and Pt counter electrodes.
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Figure 66. Cyclic voltammetry curves for 2B under N2 (black) and CO2 (red). The green lines and
arrow illustrate how the reduction onset potential is reported. The blue lines indicate the current
increase under CO2 relative to N2.

Figure 67. Differential pulse voltammetry (DPV) curves for 1 mM of 2B under N2. The electrolyte
is 0.1 M Bu4NPF6 in CH3CN with scan rate of 20 mV/s. Ferrocene was used as an internal standard
to estimate the reduction potentials with a glassy carbon working electrode, Ag wire reference,
and Pt counter electrodes.
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Figure 68. Cyclic voltammetry curves for 3 under N2 (black) and CO2 (red). The green lines and
arrow illustrate how the reduction onset potential is reported. The blue lines indicate the current
increase under CO2 relative to N2.

Figure 69. Differential pulse voltammetry (DPV) curves for 1 mM of 3 under N2. The electrolyte
is 0.1 M Bu4NPF6 in CH3CN with scan rate of 20 mV/s. Ferrocene was used as an internal standard
to estimate the reduction potentials with a glassy carbon working electrode, Ag wire reference,
and Pt counter electrodes.
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Figure 70. Cyclic voltammetry curves for 4 under N2 (black) and CO2 (red). The green lines and
arrow illustrate how the reduction onset potential is reported. The blue lines indicate the current
increase under CO2 relative to N2.

Figure 71. Differential pulse voltammetry (DPV) curves for 1mM of 4 under N2. The electrolyte
is 0.1 M Bu4NPF6 in CH3CN with scan rate of 20 mV/s. Ferrocene was used as an internal standard
to estimate the reduction potentials with a glassy carbon working electrode, Ag wire reference,
and Pt counter electrodes.
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Figure 72. Example GC trace from Table 5, entry 3 in the main text for pre-catalyst 2B. The FID
trace shows CO and only trace other products. The TCD trace shows only trace reactivity and is a
zoomed in y-axis range with the tallest peak at the top of the spectrum.
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Figure 73. 13C NMR of a reaction mixture from the photoreaction of 2B under 13CO2 in d3-MeCN.
The peak at 157 ppm is indicative of CO32- and matches a reported standard.101

Figure 74. Example NMR formate analysis with ferrocene as an internal standard at 4.18 ppm and
formate as an analyte at 8.63 ppm.
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Figure 75. Photocatalytic reaction profile (TON vs. time) for 2B at 1 nM concentration. The early
time points before 45 minutes are omitted since CO production is below the detection limit of our
instrument for this concentration at early timepoints. We note that the trendline added is for the
first 8 points shown including a 0 intercept and has an R2 value of 0.98 which suggests no induction
period is present.

Figure 76. Photocatalytic reaction profile (TON vs. time) for 2B with Hg added after 4 hours of
photocatalysis.
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Figure 77. 1H NMR of BIH in d3-MeCN (top) and of a completed photoreaction with 2B (bottom).
The presence of BIH at the end of photolysis is apparent in comparing the two NMR traces.

Quantum Yield Measurements:
Measurements were conducted similarly to a method previously described.102 The number of
moles of CO produced was monitored over time in 20 minute increments for the first hour and
then hourly after this time period. The segment of time producing the most CO per hour was used
in the calculations for quantum yield to give the maximum quantum yield observed (1 hour time
point in these cases). The photon flux in the reaction was calculated by measuring the incident
power density with a power meter (Coherent Field Mate with a Coherent PowerMax PM10
detector). The solar simulator spectrum was cut off with a 700 nm cutoff filter since the catalysts
do not absorb light beyond 700 nm. Through this method the power density was estimated to be
57.3 mW/cm2. The illuminated reaction area was measured to be 1.69 cm2 which gives 96.9 mW
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or 9.69 x 10-2 J/s to the sample. The photon wavelength was taken as centered at the lowest energy
absorption curve feature for each catalyst. As an example calculation, catalyst 1 has a low energy
absorption curve feature at 430 nm with an energy of 4.62 x 10-19 J. This gives 7.55 x 1020 photon
per hour in the reaction, which was used to calculate the quantum yield over the most productive
CO generating time frame via the equation:
CO = [(number of CO molecules x 2)/(number of incident photons)] x 100%

Table 26. Comparison of stirred versus non-stirred reactions.
Entry

Catalyst

Stirring

max. TON

max. TOF (h-1)  (%)

CO (formate)
1

1

No

33 (5)

4

90.6 x 10-1

2

1 + 2,2’-bpy (1.0 equiv.)

No

158 (4)

7

192.9 x 10-1

2

1 + 4,4’-bpy (1.0 equiv.)

No

9

0.1

2.9 x 10-1

3

1 + 2,2’-bpy (2.0 equiv.)

No

10

0.3

7.8 x 10-1

4

3

No

34 (6)

0.3

8.4 x 10-1

5

1

Yes

8

1.1

0.4 x 10-1

6

2A

Yes

15

0.7

0.2 x 10-1

7

2B

Yes

55

8.3

2.6 x 10-1

8

3

Yes

12

0.2

0.1 x 10-1

9

4

Yes

45

0.5

0.2 x 10-1
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Figure 78. Photocatalytic reaction profile (TON vs. time) for non-stirred versus stirred reactions.

Figure 79. Literature reported photocatalysts with references sited under Table 6 of the main text.

186

Figure 80. Percent transmittance curved for a 0.1 mM reaction of 2B in a 1 cm pathlength sealed
cuvette at 0 hours and 2 hours. The pathlength is similar in diameter to the phototubes used for the
reactions reported in the manuscript. We note that the head space is considerably smaller in this
reaction vessel (~1 mL vs 15 mL for the phototube reactions) with roughly double the catalyst
amount (4 mL vs. 2 mL for the phototube reactions) and this may result in the timepoint not directly
correlating to the reaction time.
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Figure 81. Step-by-step pictorial procedure for the setup and headspace analysis of photoreactions.
1) A volume of 1.9 mL is pre-marked on the reaction tube, then all components are added except
TEA with the vessel shielded from light. The reaction is then degassed with CO2 using a long
needle submerged in the solution and an exit needle at the top of the vessel. The solution is
degassed until the solvent level reaches 1.9 mL. 2) After the solvent level reaches the 1.9 mL mark,
a CO2 degassed 0.1 mL volume of TEA is added. 3) The reaction is set in front of a solar simulator
at a distance corresponding to 1 sun as calibrated with a power meter for desired time length. 4)
For headspace sampling, a valved syringe is inserted into the vessel via the septum and 0.3 mL of
volume is take up and the valve closed. 4) While the valve is closed, the syringe is compressed to
0.25 mL. 5) The syringe needle is submerged into a vial of diethyl ether, and the valve opened to
equalize the pressure inside the syringe to be sure the same pressure is injected for each sample.
Immediately upon bubbles ceasing the valve is closed. 6) The contents of the syringe are then
injected into the GC by inserting the needle, opening the valve, and then injecting the contents.

188

Computational Details
All computations were carried out using Revision D01 of Gaussian 09103 with non-default (10–6)
convergence SCF convergence criteria [SCF(CONVER=6)]. The PBE0 functional104 with
Grimme’s D3 dispersion with Becke-Johnson damping (D3BJ)105 was used for all computations.
The basis set combination (BS1) is defined as follows: for Ru, the Couty and Hall modification106
(modLANL2DZ) to the valence basis set of LANL2DZ+ECP combination;9 and for H, C, N, and
O the 6-31G(d')107 basis sets (the 6-31G(d') basis sets have the d polarization functions taken from
the 6-311G(d)108 basis sets rather than the default value of 0.8109 for C, N, and O). All geometries
were fully optimized employing the SMD110 solvation model with parameters consistent with
acetonitrile as the solvent. All stationary points were confirmed to be minima by an analytical
frequency calculation at the same level of theory. Images of the molecular orbitals were generated
in Chemcraft111 using a contour value of 0.02.
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Figure 82. Cyclic voltammetry measurements for [RuII(bpy)2(CO)2]2+ in MeCN and DMF with
and without CO2.

Figure 83. Cyclic voltammetry measurements for [RuII(CNC)Cl]+ in MeCN and DMF with and
without CO2.
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Figure 84. Cyclic voltammetry measurements for [RuII(bpy)3]2+ in MeCN and DMF with and
without CO2.

Figure 85. Cyclic voltammetry measurements for IrIII(ppy)3 in MeCN and DMF with and without
CO2.
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Figure 86. Cyclic voltammetry measurements for BIH, BNAH and TEA in DMF (top left). The
oxidation potential of BIH (top right), BNAH (bottom left) and TEA (bottom right) are irreversible.
For the thermodynamic plot (Figure 2, main text), the reduction potential of BIH, BNAH and TEA
were estimated by the interception of the 2 tangent lines as shown by the dotted green and gray
lines.
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Figure 87. UV-Vis measurements for [RuII(CNC)Cl]+, [RuII(bpy)2(CO)2]2+, [RuII(bpy)3]2+ and
IrIII(ppy)3 in MeCN (left) and DMF (right).

Figure 88. Emission measurements for [RuII(bpy)3]2+ in MeCN (right) and DMF (left). The
onsetemis was taken by the drawing of a tangent line in the high energy side of the emission spectra
to give an x-axis intercept as shown by the red dotted lines.
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Figure 89. Emission measurements for IrIII(ppy)3 in MeCN and DMF. The onsetemis was taken by
drawing of a tangent line on the high energy side of the emission spectra to give an x-axis intercept
as shown by the red dotted.

Figure 90. CO TON versus time graphs under varied environmental conditions with two different
catalysts.
194

Figure 91. Emission quenching study with IrIII(ppy)3 and varying concentrations of BIH in
MeCN with photoexcitation at 495 nm.

Figure 92. Emission quenching study with [RuII(bpy)3]2+ and varying concentrations of BIH in
MeCN with photoexcitation at 455 nm.
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Table 27. Hydrogen production from each photocatalytic CO2 reduction environment studied.
Cat.

PS

Solvent

electron
source

water

H2
(TON)

[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(bpy)2(CO)2]2+
[RuII(CNC)Cl]+
[RuII(CNC)Cl]+
[RuII(CNC)Cl]+
[RuII(bpy)2(CO)2]2+

[RuII(bpy)3]2+
[RuII(bpy)3]2+
[RuII(bpy)3]2+
[RuII(bpy)3]2+
[RuII(bpy)3]2+
[RuII(bpy)3]2+
[RuII(bpy)3]2+
IrIII(ppy)3
IrIII(ppy)3
IrIII(ppy)3
[RuII(bpy)3]2+
IrIII(ppy)3
IrIII(ppy)3

MeCN
MeCN
MeCN
DMF
DMF
DMF
DMF
MeCN
DMF
MeCN
DMF
DMF
DMF

BIH
BIH
BIH/TEA
BIH
BIH
BIH/TEA
BNAH
BIH
BIH
BIH
BIH
BIH/TEA
BIH/TEA

no
yes
no
no
yes
no
yes
yes
yes
yes
yes
no
no

0
2
0
0
1
0
3
2
2
51
6
3
2

Carbon
Reduction
(%)
100
99
100
100
99
100
98
99
91
82
96
99
98

Proton
Reduction
(%)
0
1
0
0
1
1
2
1
9
18
4
1
2

Carbon Reduction % is found by addition of the TON values for CO and HCO2- from the main
text divided by the TON values for the addition of CO, HCO2-, and H2. Proton Reduction % is
the TON value for H2 divided by the TON values for the addition of CO, HCO2-, and H2.
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APPENDIX B: JOURNAL PERMISSION FOR REPRODUCED MANUSCRIPTS

1.Journal permission for Chapter 2.1
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2.Journal permission for Chapter 3.1

198

3.Journal permission for Chapter 4.1
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4.Journal permission for Chapter 5.1
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